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Abstract 
Contamination of seafood with elevated concentrations in trace metals has raised concerns for 
communities reliant on these resources for food. To assess the potential health risks to human 
consumers, seafood samples from Lake Illawarra, NSW, were analysed for the current concentrations in 
arsenic, cadmium, calcium, copper, iron, lead, mercury and zinc within Saccostrea commercialis (Sydney 
Rock Oyster) Metapenaeus macleayi (School Prawns), Girella tricuspidata (Luderick) and Platycephalus 
fuscus (Dusky Flathead). The oysters and prawns were sampled at two sites in Lake Illawarra, at the 
entrance channel and Lake Heights. A total of 24 oysters, 22 prawns, and 6 Luderick and Flathead 
samples were analysed at the National Measurement Institute. Copper concentrations were found to 
exceed recommended health standards in some samples from S. commercialis taken from the entrance. 
Contemporary concentrations for oyster and fish compared with past studies showed similar 
concentration levels, while prawn concentrations reflected similar ranges to estuaries from St Gulf and 
Three Mile Creek, South Australia; and were lower than concentrations reported in Mexico, India and 
China. This study demonstrated that concentrations for arsenic, cadmium, calcium, lead, mercury and 
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1.1 Importance of estuaries as ecosystems and a food source 
Estuaries serve as an important habitat, providing functions to support natural communities 
and human commodities (Wilson, 2002). Inputs such as nutrients and suspended sediment from 
the surrounding catchment mean that estuaries are highly productive and dynamic, but operate 
with a wide range of pressures within the environment. These components offer the capacity to 
support a diverse range in habitats including mudflats, seagrass meadows and mangroves 
which are vital for communities of fish, crustacean, birds and microorganism (Baxter and Daly, 
2007). Due to the range of different habitats, estuaries often play a significant role as a refuge 
and food source (Boesch and Turner, 1984) for a range of organisms including Sydney Rock 
Oyster (Paterson et al, 2003) and School Prawns (Gray and Barnes, 2008; Ruello, 1973). These 
unique roles which estuaries offer as a habitat and nutrient source, lead to the significance of 
estuaries as a resource to indigenous communities being well recognised (Boesch and Turner, 
1984; McLusky and Elliot, 2004; Canuel, 2001).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
Central to the development and utilisation of estuaries are four distinct roles highlighted by 
Engle et al (2007) including: 1) the food source value from fish, crustaceans and other 
organisms, 2)  recreational uses such as swimming and boating, 3) support as a cooling 
mechanism and,  4) the flushing and dilution capacity as a source for discharge. Due to the 
ample supply of commercial resources and unique services which estuaries provide, meant 
there has been a historical preference for human development around estuaries globally 
including sites such as the Perth Swan River, Western Australia (Stephens and Imberger, 1996), 
San Fransico Bay, California (Canuel, 2001; Lotze et al, 2006) and Pearl River Estuary, South 
China (Ye et al., 2012).  
As a consequence of the utilisation and development in the surrounding areas, there has been 
growing degradation and an overall depletion in water quality within many estuaries resulting 
from land clearing, habitat modifications and escalating pressure on systems (Lotze et al., 
2006). These modifications have also raised concerns about contamination by metals and other 
pollutants due to the largely misconstrued notion that estuaries will flush out effluents into the 
sea (Pearson, 1993). Effluents from agricultural run-off and commercial and industrial 
discharge have also been shown to increase metal availability within natural systems, raising 
concerns about transfer of contaminants between the environment and biological organisms. 
This is particularly important for areas that have known dangerous levels of contamination, 
resulting in the bioaccumulation of some metals through the different trophic levels, even to 





1.2 Health implications from pollution of seafood 
There is wide evidence of the health benefits from consuming seafood. Benefits include 
improved development during pregnancy and early childhood from the nutrients such as 
omega-3 fatty acids, found uniquely in high concentrations in some fish (CNRS, 2007). Other 
benefits include the reduced risk of cardiovascular disease and improved blood pressure, 
resulting from the substitution of protein type, from a high saturated fat diet to omega-3 fatty 
acids with leaner proteins unique to most seafood (Weisberger, 1997; Baer et al., 2004). 
Despite these benefits, a growing concern around the detrimental effects resulting from the 
bioaccumulation of toxic substances including metals, such as, mercury and arsenic (FSANZ, 
2011). One worst case scenario of consumption of seafood resulting in high levels of methyl 
mercury resulted in birth defects and destruction of the nervous system, leading to more 
debilitating side effects, like cardiovascular system breakdown and death (Ekino et al, 2007). A 
famous case of toxicification by methyl mercury was the incident in Minimata Bay, Japan, where 
a chemical factory released methyl mercury chloride as a by-product into Minimata Bay for over 
a decade (Dickman and Leung, 1998; Ekino et al., 2007). This was a consequence from the 
regular consumption of fish and shellfish containing high levels of methyl mercury (WHO, 
1976). More common effects known from the regular dietary intake of contaminated seafood 
with trace elements such as arsenic, lead and cadmium include skeletal disease, such as, 
osteoporosis, possible carcinogenic effects, gastrointestinal symptoms, and cardiovascular and 
nervous system dysfunction (Cirillo, 2012). These historical cases, like those stated above, 
emphasis the necessity to continue monitoring marine foods to ensure the public are not 
exposed to levels of metals that could produce harm to their health.  
1.3 Food safety guidelines 
To ensure public safety, food standards have been set to outline acceptable levels of metals that 
can be consumed by the public without having appreciable risk to their health. This is achieved 
through the compliance with food safety standards which identify the concentration of trace 
element (per mass of tissue) that could be consumed without potential harm to human health 
(Cho and Hooker, 2009). These standards are set by organisations, such as the World Health 
Organisation (WHO, 2002) and the Food Standards Australia New Zealand (FSANZ, 2011). 
Consumption limits are calculated on the basis of toxicological data and acceptability from a 
health status perspective, with considerations of human dietary consumption and length and 






1.4 Lake Illawarra 
Lake Illawarra (34°31′S 150°50′E), situated approximately 80 km south of Sydney, New South 
Wales (Figure 1), is a coastal lagoon barrier system. Lake Illawarra experiences a relatively high 
degree of stress from the encroachment of development from residential, agricultural and 
industrial processes (Gillis and Birch, 2006). The catchment of the lake encompasses 235 km2 in 
area with Mullet Creek and Macquarie Rivulet contributing approximately 80% of total 
catchment load (Sherman et al, 2000). The lake experiences high rates of run-off due to much of 
the catchment being situated on the steep slopes of the Illawarra escarpment and heavy rainfall 
events related to the low-pressure cells and the orographic effect produced from the uplift of 
the escarpment (Sloss et al, 2011). The lake is surrounded by residential, agricultural, industrial 
and natural areas, with more intensive activities being located closer to the lake, and the less 
damaging processes such as agriculture and native vegetation located in the upper catchment, 
lining the escarpment. The lakes catchment system supports a diverse range in organisms and 
communities including the ‘Coastal saltmarsh’ and ‘Swamp oak floodplain forest’ considered 
endangered ecological communitiesunder the NSW National Parks and Wildlife Act (1974). The 
commercial and recreational roles made available by the lake are integral components for the 
commodity value of Lake Illawarra (Jafari, 2009; Rutten et al, 2004) and holds considerable 
value for the Illawarra community, making the state of the lake of upmost local importance. 
1.4.1 Holocene developments 
Lake Illawarra reflects a wave-dominated influenced barrier estuary which developed as a 
system within an incised valley scoured into Permian bedrock and Pleistocene sediments during 
the high stand of present sea level (Sloss et al, 2004). Before recent developments, Lake 
Illawarra experienced intermittent opening and closing of the entrance connecting to the 
Tasmen Sea, usually developing north or south of Windang Island (Treloar et al., 2004).  This 
process was the result of pressures including longshore drift, catchment runoff, wave action and 
tidal variation; often due to periods of drier climate periods (Treloar et al., 2004).   
1.4.2 Modern developments 
Post-European settlement has produced distinct effects on the lake as a system, including 
extensive land modifications, changes in sedimentation infilling rates, rates of run-off and 
erosion, and increased nutrients and pollution entering the system (Sloss et al, 2011). These 
changes have resulted in reduced water quality and distinct increases in sedimentation. After 
approximately 200 years of European development, the NSW Government formed the Lake 
Illawarra Authority (LIA) in 1988 with the aim of “improving the environment of Lake Illawarra, 






Figure 1: Location for Lake Illawarra, NSW. Figure on the top right depicting location sourced from Gillis and 
Birch (2006).  








NSW LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004





Following suggestions by the Lake Illawarra Authority (Sherman, et al., 2000), construction of 
training walls were proposed and then constructed between 2000 and 2007 to improve the 
quality of the lake (Baxter, 2010). The training walls helps to maintain an open entrance 
situated north of Windang Island. The open system encourages flushing and allows sediments 
with high levels of nutrients and metals to leave the system during storm events (Scanes et al., 
2007), assists fish and prawn migration, and helps to reduce the potential for floods (Treloar et 
al, 2004). This has created opportunities for organisms with a preference for stable conditions 
and a more saline environment to prosper. Changes include the development of mangroves 
amongst the mudflats on the eastern edge of the lake (Baxter & Daly, 2007). 
1.5 Fisheries within Lake Illawarra 
Fishing is commercially and recreationally important to Australia as a source of food, income, 
and for recreational purposes. The NSW state fishing zone measures 11 million km2 with the 
value of aquaculture for Australia growing from $202 million to $733 million between 1991 and 
2002 (Dellagiacom, 2011), with a notable contribution from the Illawarra region. Lake Illawarra 
itself is considered to be productive (Gray, 2004) and the overall contributions for finfish, 
crustaceans and molluscs are listed in Table 1. Recreational loads are estimated to be larger 
than total commercial catch in some areas throughout NSW, with the largest number of 
recreational fishers within Australia found within the state (Henry and Lyle, 2003). Concerns 
about the long-term sustainability of fishery stocks from recreation and commercial catches 
have triggered a need to monitor and maintain records.  By maintaining records for commercial 
and recreational catches, it indicates seafoods are being consumed locally in significant 
quantities. It is important to be aware of food quality to protect consumer health. 
Table 1: Contribution of Lake Illawarra compared with the NSW state commercial fish catches reported for 
finfish, crustaceans, prawns, blue swimmer crabs, molluscs and cephalopods between the years 1997/98 and 
2001/02. The percentage of Lake Illawarra catch contributing to NSW total is also reported (Gray, 2004). 
Type NSW (kg) Lake Illawarra 
(kg) 
%  
Finfish 4 101 975 120 231 2.9 
Crustaceans 1 180 646 28 837 2.4 
Prawns 860 632  16 982 2.0 
Blue Swimmer 
Crab 
177 825 11 597 6.5 
Molluscs 130 471 311 0.2 








Industrial developments within and adjacent to the lake catchment have lead to significant 
inputs of metals to the system (Chen et al., 2004; Gillis and Birch, 2006), and thus has led to 
concerns about possible contamination of marine organisms, especially those of interest for 
human consumption. 
1.6 Aims and objectives 
There is limited research regarding the Australian estuarine environments with respect to trace 
metal habits, transfer potential and bioaccumulation.  This research will take a particular 
interest into the potential health problems associated with the consumption of seafood for 
humans where trace metals may be present in dangerous quantities. Although not a health 
analysis, this project aims at assisting with general guidelines, public health decisions and 
understanding the ecosystem health of Lake Illawarra.  
In this study we have measured the trace elements; arsenic, calcium, cadmium, copper, iron, 
lead, mercury and zinc. These trace elements were assessed for potential bioaccumulation 
across the food chain to determine if levels were above permissible levels according to the Food 
Standards Australia New Zealand (2002) guidelines. In the case of calcium, which is not a trace 
metal, analysis for concentration is being assessed to determine if calcium assists in the uptake 
of the other elements. The following species; Sydney Rock Oyster (Saccosteria commercialis syn. 
= Saccosteria glomert, Saccosteria cucllata), School Prawn (Metapenaeus macleayi), Luderick 
(Girella tricuspidata) and Dusky Flathead (Platycephalus fuscus), were utilised for the 
investigation for the potential bioaccumulation and transference of trace elements. Samples 
were obtained from Lake Illawarra and the species chosen are known to be popularly consumed 
by humans (Henry, and Lyle, 2003). There is cross-reference of the Sydney Rock Oyster being 
referred to as either Saccosteria commercialis (Pearson, 1993), Saccosteria glomerta (Bayne, 
2002; Paterson et al, 2003; Scanes, 1997) or Saccosteria cucllata, and to avoid confusion will 
herein be referred to as Saccosteria commercialis, or by its common name, Sydney Rock Oyster. 
The aims of the project are to: 
i. Determine if contemporary concentrations of these elements comply with current 
maximum permitted concentrations according to the Food Standards Australia New 
Zealand (1998) guidelines; and investigate if concentrations are below the guidelines  
reported in the 23rd Australian Total Diet Study (FSANZ, 2011); 
ii. Compare contemporary levels with past studies from Lake Illawarra and relevant 
estuarine studies; 
iii. Determine any significant differences in concentrations between the entrance channel 





iv. Perform a preliminary investigation on the potential for bioaccumulation across the 
trophic levels and any potential interactions between the above mentioned elements. 
 
1.7 Thesis outline 
Following this introduction is a comprehensive literature review. This chapter attempts to 
describe the current knowledge into biomonitoring and the process involved about the species 
in this study, and the potential pollution in the catchment of Lake Illawarra. Chapter 3 describes 
the methods used for sampling, processing and statistical analysis. The results for the 
contemporary concentrations in the trace elements are then described in Chapter 4 and 
compared to standard health reference limits. Comparison between sites and correlations 
between metals are also described. Chapter 5 describes the implications of these results and 
interpretation based on the information in Chapter 2 and 4. Finally, conclusions and 
recommendations for future research into the concentrations of these elements in Lake 
Illawarra are provided. 





2. Literature Review 
The purpose of this chapter is to outline the factors contributing to pollution within the 
catchment of Lake Illawarra, and highlight processes such as biomonitoring, bioaccumulation 
and transference of contaminants across the different trophic levels for the selected species. The 
general biology and habits of each species Saccosteria commercialis, Metapenaeus macleayi, 
Girella tricuspidata and Platycephalus fuscus will be discussed with reference to why these 
species were chosen for this study and their ecological, recreational and economical importance 
in New South Wales. This section will also present a general overview of the current literature. 
2.1 Estuarine and coastal lagoon systems 
This study considers Lake Illawarra as both an estuarine and coastal lagoon system due to 
characteristics which encompass aspects of both systems and definitions within the literature 
(Woodroffe, 2003). For the purpose of determining the inputs and factors influencing the 
distribution of contamination within the system, consideration of both environments is 
necessary. 
Estuarine systems involve the interaction of marine and fluvial pressures. Estuaries are defined 
as ‘semi-enclosed coastal bodies, maintaining free-connection with the open ocean, where the 
water is considerably diluted with fresh-water from fluvial sources’ (Cameron and Pritchard, 
1963, p.306). Sloss et al. (2004) suggests estuaries developed during past stabilisation of sea 
level. 
Estuarine environments are considered a “transitional environment” (Pѐrez-Ruzafa et al., 2011) 
where the interaction of marine and fluvial inputs such as sediment, fresh and saline water, and 
nutrients, create a dynamic and ‘naturally stressed’ system. Pressures on the system include the 
influence of tide, continental and coastal erosion, sedimentation and infilling, in situ chemical 
and biological processes, and anthropogenic pressures (Turner and Millward, 2002). While 
estuarine environments experience influences from both fluvial and marine pressures, coastal 
lagoonal systems acquire little or no input from freshwater sources, a compartment with 





2.2 Trace elements  
 
Elements are naturally accumulated within the sediments of estuaries due to runoff from the 
surrounding catchment, and atmospheric deposition of particulates (Chenall et al., 2004). 
Elements are ubiquitous in the environment, naturally forming in rocks, and breaking down 
through several forms of erosion to form sediment and become biologically available (Pand and 
Wang, 2012; Luoma and Rainbow, 2008; Goyer, 1997; Cameron, 1990). Most elements are 
present in trace amounts within sediments, water column and atmosphere. Some elements such 
as calcium (Ca), copper (Cu), iron (Fe) and zinc (Zn), serve as an essential component to normal 
biological function, particularly metabolic reactions (Table 2), whilst other elements do not 
(non-essential). Non-essential elements like mercury (Hg), lead (Pb), cadmium (Cd) and arsenic 
(As) (Table 3), can produce debilitating health effects upon the environment, wildlife and to 
humans (Pan and Wang, 2012; Luoma and Rainbow, 2008; Peshut et al., 2008; Nriagu, 1988). As 
mentioned above, non-essential elements are not able to be broken down by biological 
organism and will bioaccumulate over time within an organism, and depending on the body 
burden can produce different effects.  If the organism has not developed sufficient methods to 
accommodate for high concentrations in contaminants, the organism will be affected in 
detrimental ways (Table 3) (Luoma and Rainbow, 2008; Bernard, 2008). 
Due to the wide range of uses these elements possess, anthropogenic activities such as mining 
and agriculture have augmented the concentrations of these elements present within the 
environment. These concentrations have increased to levels that are of serious concern to local 
governments and world organisations in terms of exposure and risk to human health (Tong et 
al., 2000). As levels have increased within the ambient environment, so too have the 
concentrations within some organisms. Though sediments serve as an effective indication of 
past contamination (Pan and Wang, 2012; Chenall et al., 2004), biological organisms provide an 
indication of the toxins biologically available. 
Phases of the element have different toxicity capacities to organisms and humans. For instance, 
total arsenic and inorganic mercury is not as toxic to humans as inorganic arsenic and methyl 
mercury and therefore more attention and research has focused around these forms (FSANZ, 
2011; Peshut et al., 2008).  Elements interacting between elements are also an influencing factor 
into the toxicity potential of substances (Table 4); therefore consideration of these interactions 











Functions Sources Reference 
Calcium 
(Ca) 
Structure support of skeleton, hardening of teeth 
and claws. Primarily involved in the formation of 
shells in the form of calcium carbonate. Neural 
transmission, muscle contraction and cardiac 
function. 
Dairy, bony fish, 








Binding and transport of iron, oxidising agent. 
Offal, seafood, 





Component of vitamin B12, foliate and fatty acid 
metabolism. 
Fish, nuts,  green 





Formation and mineralisation of bones and teeth. 





Oxygen transportation and forming components 
of proteins. 
Wholegrain cereals, 





Carbohydrate, cholesterol and amino acid 
metabolism. 





Synthesis of selenoproteins and proteins, 
important for thyroid hormone regulation, 
metabolism, cell membrane maintenance. 
Seafood, poultry, eggs 
and muscle meat. 
FSANZ, 2011 
Zinc (Zn) 
Growth and development, forms components of 
enzymes which are involved in the metabolism of 
proteins, carbohydrates and fats. 
Meat, fish, poultry, 





Table 3: Major food sources for toxic metals and the Maximum Permitted Concentration (MPC). The potential 
detrimental health effects are included for each of the toxic metals listed. Though not a food, tobacco was included as a 
key source for cadmium exposure. 
Toxic metals of 
major 
significance 





Seafood, cereals, grains 
and drinking water 
containing arsenic. 






kidney toxicity, renal 
dysfunction, carcinogenic. 
Tobacco smoke, most 
foods in small amounts. 





Nervous system, kidneys 
and blood impairment. 
Grains, fruits, nuts and 
water. 




Tong et al., 
2000 
Mercury (Hg) Brain and kidney damage. 
Fish, white bread and 
water. 
0.5 mg/kg MPC 
wet weight 
ANZFA, 1998; 







Table 4: Summary of clinically important relationships between essential elements and non-essential 






Cadmium Zinc, Nephrotoxicity 






effects on children 
Mercury Selenium CNS toxicity 
 
2.2.1 Pathways of metal uptake by organisms 
The exposure of organisms to metals is dependent upon a number of extrinsic and intrinsic 
factors including, route of uptake, length and concentration of exposure, and species of metal. As 
metals are present in different phases including dissolved in solution, suspended in or on a 
particle, or within the sediment, metals have a number of routes in which it may enter the tissue 
of the organism (Adams et al., 2012; Luoma and Rainbow, 2008; Pearsons, 1993). 
It is essential to understand the varying routes for trace elements to form an accurate 
assessment of the system of regulation and other factors affecting exposure to the organism 
such as the organism’s life history (Roach et al, 2008). Griscom et al. (2002) propose two 
distinct pathways elements can take in order to be biologically accessible to benthic organisms: 
i. Through the uptake of particulates or as a solution by the processes of endocytosis and 
pinocytosis respectively; 
ii. Ingestion of elements through the consumption of food. 
 
The first stage is the uptake across the cell membrane, known as pinocytosis, where the 
particulate is transported through the permeable respiratory surface. Utilising the affinities 
between metal ions and ligands, the metal bonds with a ligand and facilitated across into the 
cell. High concentrations can be present within organisms, with the element is bound to the 
ligand, and still not be toxic to the organism (Rainbow, 1977). Similarly, the process of 
endocytosis involves whole particle absorbed through the membrane by being engulfed into the 
cell (Pearson, 1993). This process is known as facilitated diffusion and is not necessarily the 






The passive facilitation of cadmium with calcium is a typical process by pinocytosis which 
results in the uptake of cadmium by the organism, particularly noted in crustaceans during their 
moulting cycles (Luoma and Rainbow, 2008; Wright, 1995). 
The second route of trace element uptake is through consumption and is an important 
contributing factor for uptake routes depending on element, exposure and species (Pearson, 
1993). The assimilation of an element from food ingestion is dependent upon the concentration 
of the element and feeding rate of that organism and is termed the assimilation efficiency. 
Organisms that maintain higher metabolic activity will often ingest higher amounts of food, and 
therefore, be exposed to more contaminants (Luoma and Rainbow, 2008). This can often 
explain the difference in concentration and size of the organism. For younger organisms, often 
the feeding rate is higher to accommodate for the growth compared with older organisms and 
will maintain high ingestions rates (Hafey, 2000). However, after a certain threshold, older 
organisms may have greater concentrations due to longer exposure time (Luoma and Rainbow, 
2008; Pourang et al., 2003). 
2.2.2 Factors controlling total mean concentration of metals in organisms 
Toxicity is implied when the concentration of trace elements available for metabolic activity 
may provoke potential risk to the organism if not controlled or detoxified (Luoma and Rainbow, 
2008; Rainbow, 1997; Pearson, 1993; Rainbow and White, 1989). Most organisms maintain an 
ideal concentration for a specific element essential for regular biological functioning, but when 
there is a surplus of this element within the internal environment it can cause adverse effects to 
the organism and require regulation. The same ideas are applied to elements not required for 
necessary biological function. Control and regulation are necessary for the livelihood of the 
organism, although not all species have the capacity to do so (Luoma and Rainbow, 2008; 
Rainbow, 1997; Rainbow and White; 1989). 
Rainbow (1997) describes the two processes by which organisms are able to detoxify problem 
metals. One involves metallothionein binding with the trace elements, thereby making the trace 
metal unavailable to the tissues within the organism. The second approach by the organism is to 
encapsulate the minerals in a bond via calcium granules, which again, make them unavailable to 
the internal environment and the organism is able to excrete the detoxified substance. These 
methods vary between organism and elemental concentration, species and type and even tissue 
within the one species (Rainbow, 1990; Rainbow, 1993; Rainbow, 1997). For instance, oysters 
are able to accumulate high loads of zinc, and accommodate for this by creating detoxifying 





Crustaceans accommodate for high concentrations in metals in a similar way, where the 
hepatopancreas is utilised to accumulate, store and transport metallothioniens to sites within 
different tissues of the organism which will not have detrimental effects (Pourang et al, 2003). 
For instance, copper is often found in greater concentrations in the exoskeleton then the muscle 
of crustaceans and through this method, the organism has the capacity to accommodate for 
higher concentrations (Luoma and Rainbow, 2008; Pourang et al., 2003). 
2.2.3 Biological monitoring, indicators, bioaccumulation and biotransferrence 
Elements present in excess or those which are non-essential have the potential to harm the 
internal functioning of an organism. As pollutants become biologically available to organisms in 
some instances the organism is able to adapt by either excreting the toxin more effectively or 
binding the element to reduce toxicity potential. Rainbow (1990) describes how in estuarine 
environments the species Echinogammarus pirloti and Gammarus zaddachi are able to maintain 
relatively consistent concentrations of trace elements despite having greater bioavailability. 
Therefore, the accumulation of trace elements depends on the net difference between uptake 
and excretion of the metal, which are affected by such factors as; the surface and permeability of 
the membranes, the regulation of trace elements and efficiency of the internal system, and the 
type of food consumed (Luoma and Rainbow, 2008; Rainbow, 1990). 
These mechanisms influence the bioaccumulation rates within an organism, and have been 
studied for biomonitoring potentials for a number of beneficial reasons (Phillips, 1980; 
Rainbow, 1990, 1997). As a general rule, organisms will bioaccumulate trace elements to levels 
greater than the external environment. This reduces the potential to contaminate samples from 
procedural and physical handling, providing a more reliable indication of contamination from 
the sample environment (Rainbow, 1990).  
Also, elements within a given environment such as the water column and sediment are not 
necessarily biological available. If contaminants are measured within the surrounding 
environment, net contamination will be measured rather than the actual loads available to the 
organism. By measuring the organisms directly, we get an indication of the biologically available 
metal contamination rather than contamination loads in the water column, pore water or 
sediments which can be influenced by seasonal variation and day to day variation within the 
ambient environment. However, consideration of mass, sex, species, location, growth, diet, 
pollution interaction and processing from the organism needs to be taken into consideration 
when assessing the bioaccumulation potential of a specimen or species (Phillips, 1980; 





Bioaccumulation within species not only provides opportunity for monitoring of pollution 
within the environment but also raises concerns for biotransference of contaminates across the 
food web into higher order trophic levels and even to humans (Barwick and Maher, 2003).  
Biotransference is described by Barwick and Maher (2003) as the transference of trace 
elements from a food source to the next consumer, and, with the transference higher 
concentration are suspected, creating a biomagnification effect. This is important as humans 
may consume species with high concentrations of certain elements, particularly for higher order 
species such as carnivorous fish like the Platycephalalus fuscus (Dusky flathead), and may also 
impact species within the food web. For example, Barwick and Maher (2003) examined the 
biomagnification potential across the different trophic levels for selenium for the species P. 
fuscus, Acanthopagrus australis (Yellow fin bream), Gerres subfasciatu (Silver biddy) and 
Anadara trapezia (Sydney cockle). Results showed selenium levels above the maximum 
permitted concentration (PMC) for human consumption with the carnivorous species P. fuscus 
and G. subfasciatu, with levels twice PMC. Similarly, Biddinger and Gloss (1984) also identified a 
positive biotransference of selenium through the different trophic levels from phytoplankton (S.  
dimorphus) to zooplankton (Daphnia and Cyclops spp.) and to fish (P. arulius) (Barwick and 
Maher, 2003). 
 
Phillips (1980) has listed a number of characteristics describing the essential characteristics for 
selecting a species to monitor the environment. The components are described as follows: 
i. The organism should survive after accumulation of a specific trace element present in 
the ambient environment, 
ii. The organism should be sedentary to the location of interest, thereby representing the 
contamination of that specific region; 
iii. The organism should have a long life span sufficient for bioaccumulation; 
iv. The tissue samples of the organism needs to be large enough for analysis; 
v. The specimen should be easy to sample and able to withstand procedural techniques; 
vi. The organism should have some correlation or relationship with the ambient water and 
pollutant concentration with the tissue of the organism; and, 
vii. The organism should exhibit the same correlation between their pollutant content and 
the average pollutant concentration in the surrounding water at all locations studied, 
under all conditions. 
 





method for identifying areas of concern including programmes like the US Mussel Watch 
Program (Goldberg et al., 1978; Farrington et al., 1983). 
2.3 Sources of pollution within the Lake Illawarra catchment 
Extensive studies have assessed the sources of pollution for sediment and water quality, past 
and present, for Lake Illawarra (Chenall, 2004; Ellis et al., 1977; Sloss et al, 2011). The main 
sources of pollution are industrial and urban pollution, with attention on atmospheric pollution 
and settlement of particulate matter the Port Kembla copper smelter. Other sources of pollution 
include the discharge from roads and highways as runoff, and naturally occurring constituent 
from erosion processes of the surrounding bedload which is discussed in greater detail by Jafari 
(2009) The operations of Bluescope Steel, Tallawarra Power Station, and Kanahooka smelter 
have been key polluters for Lake Illawarra (Hafey, 2000; Carolan, 1993) with trace metals such 
as cadmium and zinc, deposited through processes such as aerial dispersion (Ellis et al., 1977). 
Increased trace metals by pollution from industrialisation was noted by Ellis et al. (1977) where 
increased development around the lake was having noticeable impacts on the amount of trace 
metals present in the sediment. Another source of contamination includes a copper slag situated 
on the Windang Peninsula, which contains quantities of zinc, copper and cadmium (Yassini, 
2004). 
The key sources noted by Chenal et al. (2004), Gillis and Birch (2006) and, Sloss et al. (2011) are 
represented under the attribute of urban and can be noted to be closely surrounding the lake, 
whilst farm land (grazing) and conservation area are notably fringing the escarpment (Figure 
2). Gillis and Birch (2003) described the catchment area as 23% residential and industrial, 37% 
vegetation and 40% rural land, and in addition the National Land and Water Resources Audit 
(Natural Heritage Trust, 2002) categorises the Lake Illawarra catchment as ‘extensively 
modified’. 
The contamination of marine foods from Lake Illawarra and contamination levels for heavy 
metals within marine foods has not recently been researched (Brown et al., 2004; Oku, 2001; 
Hafey, 2000; Carolan, 1993). Studies have looked into seagrass (Zostera capricorni) (Howley et 
al., 2004), bivalves such as Anadara (Anadara trapezia) (Oku, 2001; Carolan, 1993) Sydney Rock 
Oyster (Hafey, 2000), fish species such as Luderick (Girella tricuspidata) (Oku, 2001) and Dusky 
Flathead (Platycephalus fuscus) (Brown et al., 2004; Hafey, 2000). No known literature has 
looked into the potential bioaccumulation of heavy metals amongst crustaceans in Lake 
Illawarra. As crustaceans are fairly popular and an important marine food, research into the 








Figure 2: Catchment area of Lake Illawarra, NSW, representing the different land use types. 
NSW Landuse v1 © NSW Department of Environment, Climate 
Change & Water 2010
NSW LPMA DTDB 2011 © NSW Land Property Management 
Authority 2011






2.4 Selected marine species 
The organisms studied represent different trophic levels, from filter feeder to a carnivore, 
thereby reflecting the different trophic levels. This is to represent a pattern of bioaccumulation 
and transference across the ecosystem within the Lake Illawarra environment. Details of 
characteristics for the different species are noted for the different sexual cycles, locations, 
bioaccumulation potentials and commercial loads. General trends for the bioaccumulation of 
trace elements will be described in reference to each species. They are also commercially 
important and popular for human consumption. 
2.4.1 Sydney Rock Oyster (Saccosteria commercialis) 
Saccosteria commercialis, or more commonly known as Sydney Rock Oyster, is a popular native 
bivalve cultivated by farmers and has important socio-economic value to the east coast of NSW. 
Though oysters are not licensed for farming within Lake Illawarra, the Sydney Rock Oyster 
contributes to 30% of NSW State’s total commercial fisheries production. Due to the success of 
the Sydney Rock Oyster as a commercial species, it is the largest and most valuable per hectare 
commodity with a long term gross average of $8000/ha, and up to $35 000/ha in some 
estuaries (Hafey, 2000; State of New South Wales, 2006). 
Sydney Rock Oysters are sessile filter feeders endemic to Australia that are located within 
intertidal and subtidal localities on the southeast coast of Australia (Hafey, 2000) and can 
tolerate a wide range of salinities. As sessile filter feeders, S. commercialis ingests a wide range 
of material including suspended particles and detritus, requiring large volumes of water to filter 
and maintain adequate nutrients within the organism (Ward and Shumway, 2004; Widmeyer 
and Bendall-Young, 2008). Oysters are widely used as a species for monitoring organic and 
inorganic pollutants (Paterson et al., 2003; Pearson, 1993). Due to several advantages expressed 
by Muralidharan et al. (2012) there is a preference for studying S. commercialis for monitoring 
purposes including: 
i. The capacity to bioaccumulate; 
ii. Long-life span (e.g., 10 years) representing a long term exposure; 
iii. Immobility of the organism, after settlement during larvae stage, which provides a 
better representation of a study area; and, 
iv. Forms an essential part of the food web within an estuarine environment, therefore 
representing a wide exposure for other trophic levels that consume S. commercialis and 







2.4.2 School Prawn (Metapenaeus macleayi) 
The distribution of School Prawn stretches from Tin Can Bay, South Queensland, to Corner Inlet, 
Victoria (Ruello, 1973). Despite their wide distribution this species is selective in their 
environments, inhabiting estuaries and coastal waters. The life cycle of a prawn consists of 
spawning off the coast where the eggs hatch and a series of planktonic stages develop until a 
post-larval form. During the post-larval development, the larvae will migrate with the assistance 
of currents into the protective environment of the estuary and up into rivers, which act as a 
nursery. When development completes in estuaries, prawns migrate out to coastal shores to 
spawn and continue the cycle (Coles and Greenwood, 1983).  
Ruello (1973) describes settlement of juvenile and mature prawns within the estuarine 
environment. Juvenile prawns seek finer, organic rich sediments (~180 µm in diameter), while 
adult prawns show preference for availability of food, but prefer coarser grained substrate in 
higher energy environments. This produces a strong correlation between the distributions of 
different stages of development compared with substrate type. The presence in substrate can be 
attributed to the degree of energy expenditure by the organisms, where juveniles experience 
difficulty in burrowing down into the sediment, while the adults are more at ease (Ruello, 
1973). Ruello, (1973) assumes that because the sediments dictate where the School Prawns will 
likely inhabit. Sediments have a significant role in the uptake of trace elements present within 
the ambient environment. 
School Prawns of juvenile development are able to tolerate lower salinity levels and therefore 
can live in more freshwater environments, allowing them to live upstream from estuaries. Also, 
in the early stages of development the organisms will spend much of their time buried in the 
sediment. As finer sediment tends to accumulate greater amounts of trace elements it is a 
concern that the prawns may be exposed to greater amounts of the substances in the sediment 
than in the water column (Ruello, 1973).  
Movements of the prawn are also dependent upon changing environmental parameters such as 
salinity. For instance, Ruello (1973) studied the changes in distribution patterns for School 
Prawns under varying levels of rainfall indicating that there was significant migration seaward 
when high levels of rainfall were incurred. Also, the size and abundance of the organisms was 
also heavily dependent upon the intensity of the rainfall, duration and how regularly it 
occurred.  
Prawns are considered optimistic omnivores (Ruello, 1973), consuming organic materials that 
is readily available; however, they have been known to feed on organic detritus (75% of diet), 





is through tubes formed by the antennal scales and the antennules, allowing water currents to 
flow around the gills, even under water. These are important to consider as routes of uptake for 
trace elements. 
 
2.4.3 Fish species 
Although sessile organisms tend to be utilised for biomonitoring more frequently by 
researchers, fish can also be a useful choice for monitoring due to the abundance, range in 
trophic feeding habits, and the recreational and economic importance of the species targeted 
(Waltham et al, 2011). For these reasons, Luderick and Dusky Flathead have been utilised to 
determine how the potential contamination within Lake Illawarra translates to higher trophic 
levels. These species are locally popular for recreational and economic catches, and may identify 
if there are any potential health risks for humans consuming these species. 
Luderick (Girella tricuspidata) 
Luderick, also known as Blackfish (Lanzing and O’Connor, 1975), are  distributed from the south 
of Queensland to Tasmania and the northern island of New Zealand (Rowling et al, 2010). 
Luderick typically inhabit shallow coastal areas and estuarine environments with a preference 
for seagrass environments and reefs. This is likely due to their diet consisting of mostly seagrass 
(Zostera capricorni), green and red algae, with the occasional small invertebrate (Gray et al, 
2010; Rowling et al, 2010). Spawning occurs in the winter months from March to August, at the 
entrance of estuaries in the surf zones. Larvae inhabit the shallow estuarine waters, whilst the 
larger juveniles inhabit the deeper waters. Whilst Luderick are still juveniles, the organism 
exhibits a carnivorous/omnivorous diet, switching to its herbivorous diet once 40 mm length 
has been reached (Barwick and Maher, 2003). 
Since the 1880s, Luderick have been an important and popular commercial and recreational 
catch from several estuaries across NSW (Grey et al., 2010). Current legal minimum length 
restrictions of 270 mm apply, or a fork length of 240 mm, with a possession limit of 20 
individuals (Gray et al, 2010). Most commercial catches are confined to large coastal lagoons 
(e.g., 85%) from March to August during migration as individuals leave the estuarine 
confinements to spawn on the coastal shores. Recreational catches are estimated to be of similar 
magnitude to commercials loads (e.g., 270-550 t.year-1 compared with 350-500 t. year-1 for 
commercial catches in NSW) (Henry and Lyle, 2003; Grey et al., 2010). There is a general 
absence of larger fish species, noted by Grey et al (2010) as fishing is a contributing factor to the 
reduced age loads found within estuaries on the east coast of Australia, where Luderick are 





Dusky Flathead (Platycephalus fuscus) 
 
Platycephalus fuscus are a popular recreational catch and valuable asset to NSW fisheries 
industry reaching catchment loads of up to 830 t (Henry and Lyle, 2003).  The species is 
endemic to Australia, inhabiting estuaries and coastal shores from Gippsland Victoria to Cairns 
in Queensland with preference for warm temperatures and soft substrate (Grey and Barnes, 
2008). Spawning occurs between September and March in northern regions of Queensland, 
November to February in the South of Queensland, and January to March within the most south 
reaches of Victoria (Grey and Barnes, 2008). P. fuscus are carnivorous and have a distinct 
method of hunting, involving the predator hiding beneath the sediment, usually soft substrate 
such as mud, sand and seagrass, and ambushing the prey, usually large invertebrates or small 
fish (Grey and Barnes, 2008). Because of these hunting techniques, P. fuscus is a very popular 
recreational catch and is the focus predator for this research. 
2.6 Relevant studies 
Previous studies on Lake Illawarra have determined concentrations of trace elements in water 
(O’ Donnell et al., 2004), sediment (Yassini, 2004; Chenall et al., 2004; Oku, 2001; Carolan, 1993) 
and select marine foods (Brown et al., 2004; Oku, 2001; Hafey, 2000). Such studies have also 
have established an account of the contamination and effect on the organisms.  A summary of 
relevant studies is detailed below with reference to the some of the species investigated in this 
study. 
2.6.1 NSW estuaries 
The concentrations for As, Ca, Cu, Cd, Fe, Hg, Pb, Se and Zn were reported within sediments, 
surface waters and the species S. commercialis and P. fuscus  from five estuaries which were 
Lake Illawarra, St Georges Basin, Lake Burrill, Lake Merimbula and Lake Durras (Hafey, 2000). 
Hafey (2000) aimed to determine the pathways between the ambient concentrations of the 
environments, the select marine foods, S. commercialis and P. fucus, and the effectiveness of 
these species for monitoring for these concentrations. 
Concentrations in elements were determined through ICP-AES and ICP-MS, while grain size 
analyses and Total Organic Carbon were determined through sieve techniques and Walkley-
Black Method respectively. Correlations between the sites were determined through an ANOVA 
test. 
The significant correlations between porewater and oyster tissue concentrations were reported 
by Hafey (2000) and a significant correlation between Zn and Se suggests porewaters may 





appreciable amounts but, Hafey (2000) found the variation in sizes across the specimens too 
inconsistent across the lakes to make substantial comparison between sites. 
Hafey (2000) determined that for the elements reported in P. fuscus was able to accumulate 
appreciable levels of all elements excluding Cd, thereby suggesting P. fuscus is an effective 
species for monitoring for As, Cu, Fe, Hg, Pb, Se and Zn, but not Cd.  Similarly, trace element 
concentrations for P. fucus measured in Lake Macquarie (Barwick and Maher, 2003) reported 
low concentrations for Cd but higher accumulated values for the other elements. 
Pearson (1993) also studied the suitability of S. commercialis as a biomonitor for Cu, Zn and Fe 
within the Hawkesbury/Nepean estuary.  Cu concentrations were determined to be 
independent of body size through least-squares regression, whilst Fe and Zn concentrations 
indicated greater concentrations proportional to smaller oysters. Pearson (1993) concluded 
that the size-range was a significant influencing factor for sample design when determining 
size-metal relationships for Fe. 
These studies reflect the importance of considering size and sampling technique to infer the 
relationships between metal uptake and growth. 
2.6.2 Bioaccumulation by bivalves from China’s coastline 
Monitoring of contaminants through the use of marine species is not limited to Australia but 
widely researched across the world (Pan and Wang, 2012; Yusof, 2004), particularly for areas 
that are likely influenced by anthropogenic pressures. One such study area which has been 
extensively modified and therefore highly influenced by anthropogenic contamination is China’s 
coastline. Pan and Wang (2012) aimed to assess contamination levels for sediment and marine 
organisms along the coast of China, by compiling previous research published in the last 10 
years. 
This compiled research is particularly important, as China is heavily industrialised with high 
levels of contamination recorded within the rivers (e.g. 54% of the seven main rivers were 
reported unsafe for human use by the World Bank (2007)) and coast, and a rapidly growing 
economy  lending to greater contamination (Pan and Wang, 2012). 
Bivalves were researched to determine the consensus in contamination for Cd, Zn, Cu, Pb, Ni 
(nickel), Cr (chromium) and Hg, and a summary of Hg contamination within target fish was also 
reported. Pan and Wang (2012) reported “hot spots” were particularly prominent within areas 
that were influenced by heavy industrial activity. Concentration of contaminates were also 
noted to be exacerbated by water bodies that were not regularly flushed from the estuary. 





exceeded the safety guidelines (Pand and Wang, 2012). This study has demonstrated the value 
of integrating research to determine an overall assessment of the current contamination 
present and hence, the health risks from consumption associated with the bioaccumulation by 
the select marine foods. 
Overall, there is a general consensus that despite most samples not exceeding guideline limits, 
continued monitor of biologically available elements is essential with the contamination 
pressures induced by development and industrial activities. These studies reflect how the 
relationships between concentrations of elements within the environment bioaccumulate 
within the organism are complex and are influenced by a wide range of factors. 









3. Materials and methods 
 3.1 Introduction 
This section begins by identifying the sampling sites, and sampling procedure for S. 
commercialis, M. maleayi, G. tricuspidata and P. fuscus.  Sample preparation including dissection, 
freeze drying and manual grinding of tissue samples are described in detailed for each species. 
Analytical methods performed by the National Association of Testing Authority are then 
detailed followed by a description of the quality control. Finally, the statistical analysis 
procedure is detailed. 
3.2 Sample locations 
Saccosteria  commercialis and M. macleayi were sampled at two locations within the confines of 
Lake Illawarra (Figure 3). M. macleayi was sampled by local commercial fishermen at two sites 
within the entrance channel on the 17th of February, 2012, located east of the Windang Bridge at 
Site 1, and near Lake Heights at Site 2. Prawn sample locations were reported by the fisherman, 
and 30 individuals were provided for both sites. Site locations for the oysters were selected to 
the nearest proximity of the prawn sample sites. One site was located on the northern shore of 
Lake Illawarra near Lake Heights, approximately 500 m west of the Illawarra Yacht Club, 
outside Griffins Bay where 30 individual oysters were collected. The second site was located in 
the entrance channel 200 m east of the Shellharbour Road on the northern channel bank, where 
thirty oysters were again collected. Sampling procedure for the oysters will be detailed further 
in section 3.3 Field methods. 
 
Site 1 was selected on the pretence that the entrance channel was expected to maintain lower 
concentration in trace elements within the sediments to contrast with Site 2 (Howley et al., 
2004). The area in Griffins Bay has been observed to contain high concentration in trace 
elements within the sediments, particularly on the south banks of Griffins Bay which contains 
organic-rich sediment (Chenall et al., 2004) The higher concentration at Site 2 is due to a 
number of pressures including the dust and aerosol deposited on the surface of the lake from 
the Port Kembla Steel Works and storm water inputs through the Kully Bay wetand (Chenall et 
al., 2004; Payne et al., 1997). This has been demonstrated by the concentration of the trace 
elements found within the sediment within Griffins Bay against the background levels of Lake 
Illawarra (Chenall et al., 2004). 
 
G. tricuspidata (n = 6) and P. fucus (n = 6) were also provided by local commercial fishermen. No 
indication of sample location was provided; therefore sample locations are unknown but were 





The fish were caught and prepared in late July, and procedure will be discussed in detail (see 
section  3.4.3). 
 
Figure 3: Sample sites for S. Commercialis (oyster) and M. macleayi (prawn) at two locations, within the 
channel entrance in Lake Illawarra (Site 1) and Lake Heights (Site 2) within Lake Illawarra, NSW.  
 
NSW LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004





3.3 Field methods 
Oysters were sampled at two locations in close proximity to the prawn sampling sites, on the 
20th of May 2012 during low tide. Oysters were collected off jetties on both sites (Figure 4 and 
5). Larger oysters were selected for at both locations, on the pretence that it would minimise the 
variability of element concentrations associated with different  
Oysters were not depurated as is sometimes performed (Luoma and Rainbow, 2008) on the 
basis, that when people collect oysters for consumption they are unlikely to depurate them. If 
oysters are depurated before consumption, the length of time is likely to be inadequate for the 
oysters to effectively remove all undigested food. The time required is typically 24 - 48 hrs, 
(Luoma and Rainbow, 2008). Though this is likely to leave values more open to debate on 
comparison with literature values, the results reflect the likely risk to human consumers. After 
collection, oysters were washed and frozen until required for laboratory analysis. 
3.4 Sample preparation 
 
3.4.1 Oysters (S. commercialis) 
Fifteen individual oysters from both sites were thawed, opened and identified prior to analysis. 
Upon identification, the whole organism was weighed; and the breadth, width and length from 
the anterior to posterior of the shell were recorded. The oyster was shucked using a stainless 
steel knife, and the soft inner tissue was rinsed with Milli Q water to ensure seawater and any 
residual shell was removed from the soft tissue sample. The whole soft tissue was drier with 
paper towel and weighed separately and recorded. The stainless steel knife was rinsed between 
samples with Milli Q water. The soft tissue was then freeze dried for a period of 4 to 6 hours 
until the samples appeared dry and desiccated. Each sample was individually weighed and 
homogenised to a fine powder using a mortar and pestle. Once the samples had been 
homogenized, the samples were stored in a desiccator until sent to the National Measurement 
Institute for metal analysis.  
3.4.2 Prawns 
Prawns samples were grouped and dissected on the 19th (Site 2 samples) and 20th (Site 1 
samples) of February. Composite samples and individual samples were prepared by sorting the 
individual prawns from smallest to largest for each site, resulting in six composite samples and 
five individual samples for both sites (Figure 6).  
Each prawn was deshelled and the muscle portion was separated into two components; tail and 





samples. The samples were then bagged and labelled resulting in twelve composite samples and 
ten individual samples for both locations. 
All samples were recorded for wet weight. The components of the prawn sample which was 
freeze dried consisted of only the muscle portions (e.g. shells were not included), as it was 
considered to be the most popular part for consumption, therefore representing the 
concentration of element likely exposed to the consumer. After freeze drying, samples were 
weighed and homogenised following the procedure described in Section 3.4.1. All samples were 
stored in a desiccator until samples were transported to the laboratory for chemical analysis.  
3.4.3 Fish 
 
G. tricuspidata (n = 6) and P. fuscus (n = 6) were frozen upon arrival in individual sample bags. 
Prior to freeze drying, the fish were thawed; whole fish was weighed, and the fork length of each 
specimen was recorded. Muscle portions on both fish (Figure 7) were selected for analysis, 
representing the most likely consumed tissue. This required cutting along the length of the gill 
and down the side of the spine using a stainless steel blade. Once incisions were made, removal 
of the epidermal layers allowed access to the muscle tissue, and approximately 20 g in wet 
weight were sampled. The wet weight of each sample was recorded prior to freeze drying. 
Freeze drying and homogenisation followed the same procedure described in Section 3.4.1 and 








Figure 4: Location for Site 1 in the entrance channel within Lake Illawarra which includes: a) photo shot of the sample 
location facing east away from the Windang Bridge, b) photo demonstrating the recruitment of oysters on the wood of 
the jetty where the oysters were sampled, c) oysters clustered on the wood of the jetty (stainless steel knife is 








Figure 5: Location for Site 2 at Lake Heights within Lake Illawarra which includes: a) Site 2 area shot facing west towards 
to the escarpment, away from Griffins Bay, sampling was undertaken at the end of the jetty, and b) photo depicting 








Figure 6: School Prawns sampled from Lake Illawarra. Figure depicts grouping and dissection procedure including: a) the 
grouping of the composite samples from the smallest individuals on the left, to the largest individuals on the right; b) 
two groups of composite samples; and, c) separation of tail muscle from the rest of the prawn. Notice the muscle tissue 













Figure 7: Fish sampled from Lake Illawarra, depicting tissue samples for selected for chemical analysis including: a) 
Luderick (fork length = 29 cm) and section of tissue sampled on the left shoulder, and b) Dusky Flathead (fork length = 49 
cm) with the section of the fish sampled (Photos taken on the 22/7/12). 
3.5 Analytical methods 
 
Sample analysis was performed through a National Association of Testing Authority accredited 
laboratory, the National Measurement Institute. Concentrations of elements were determined 
through Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) and Inductively Coupled 
Plasma-Atomic Emissions Spectrometry (ICP-AES) using the method NT 2.46. The concentration 
of elements was quantified to mg/kg of sample. The concentrations were determined by 
digesting the sample with concentrated nitric acid and performing ICP-MS and ICP-AES. When 
processing the selected oyster, prawn, luderick and flathead samples, between every 20 
samples or less, at least one blank, one duplicate, one blank spike, one sample spike and one 
laboratory control sample was required. The reference method code is 986.15 and 974.14. 
3.6 Quality control 
 
To verify method precision and accuracy, one gram samples of certified reference materials of 
Oyster MA-M-1/TM and Tuna 350 (International Atomic Energy Agency) were analysed with 
the tissue samples. These samples were sent unmarked. The certified values for the samples 
were provided by the International Atomic Energy Agency (IAEA) Marine Environmental 








3.7 Health standards 
3.7.1 Acceptability for human consumption 
Means and standard errors were calculated for arsenic, cadmium, copper, calcium, iron, lead, 
mercury and zinc concentrations, and reported against the Maximum Permitted Concentrations 
(MPC) determined by the Australia New Zealand Food Standards (ANZFA, 1998). If the element 
concentrations exceeded the MPC values, the reported concentrations were treated as not fit for 
consumption. The MPC inorganic arsenic value reported by FSANZ (2011) was not applicable to 
the total arsenic concentration measured in this study, so direct comparisons of the MPC and 
reported arsenic concentration were not considered in this study. 
3.7.2 Health reference guidelines 
The median values were calculated for the concentrations for each element to contrast against 
the FSANZ (2011) Adequate Intake (AI), Upper Level of intake (UL) and Provisional Tolerable 
Monthly Intake (PTMI) values. 
The AI value was only reported for copper, representing the average daily intake for a healthy 
population (FSANZ, 2011). UL values were reported for calcium, copper, iron and zinc, 
representing a percentage of the population which would be exposed to potential adverse 
health effects. For these elements, a 150 g serving, as recommended by FSANZ (2011), was 
utilised to indicate the quantity present in an average Australian serving size, reported together 
with the UL value. 
The PTMI values were reported for cadmium and mercury, representing the amount which can 
be consumed monthly without considerable risk (FSANZ, 2011). 
3.8 Statistical analysis 
 
3.8.1 Effect of location on tissue element concentration           
T-tests were performed to determine if there was a difference in the concentration of element in 
the oysters and prawns from the two sites sampled. T-tests were not performed on Luderick 
and Dusky Flathead as they were only sampled form one site. To perform the t-test equal 
numbers of samples are required at both sites. Site 1 had twelve and Site 2 had ten samples, 
therefore two samples needed to be randomly removed.  A random number generator (RNG) 
was applied in Microsoft Excel to form a uniform distribution (Appendix 7). The RNG produced 
a selected number of column replicates (called tests) indicating the sample numbers to remove. 
One test is selected, and the replicates for the location are not included in the test thereby 





selecting which samples to remove. This was applied across all t-tests for the prawn analysis, 
and for each analysis performed a new test was selected. 
3.8.2 Relationships between elements, sample weight and morphological dimensions 
 Pearson’s Correlation analysis were used to test for relationships between element 
concentrations and the morphological dimensions for each of the species. Both the oyster 
population and the prawn population from both sites were pooled together to determine any 
significant relationships. This test was not perform on the fish species as sample size was 
considered to be too small (n = 6). 
3.8.3 Calculating wet/dry weight ratios 
Mean element concentration for wet weight were determined using the percentage of moisture 
lost for each individual sample during freeze drying and converting dry weight data to wet 








This chapter begins by presenting the results for the quality control and assurance measures. 
The results of the trace element concentrations for the Sydney Rock Oysters, School Prawns, 
Luderick and Dusky Flathead (dry and wet weight mg/kg) are then reported together with the 
ANZFA (1992) Food Standards Code A12 “Maximum Permitted Concentrations” for comparison 
and health references (FSANZ, 2011). The influence of site on element concentration is 
examined for prawns and oysters for the two sites at the entrance channel and Lake Heights in 
Lake Illawarra. The chapter concludes with the summary of the significant correlations for 
oysters and prawns between elements, oyster shell dimensions and the weight of tissue sample. 
4.1 Quality control 
 
Quality assurance 
A quality assurance report was provided by the National Measurement Institute (NMI) to 
ensure the quality of methodology performed by the laboratory had minimal influence upon the 
samples from the procedural techniques. All elements were reported within the acceptable 
recovery range of 70 – 120% as stipulated in the quality assurance report. The elements showed 
good recovery at 101% (As), 103% (Cd), 102% (Ca), 100% (Cu), 103% (Fe), 97% (Pb), 85% 
(Hg) and 100% (Zn) (Table 5). 
Table 5: Quality assurance report provided by the National Measurement Institute (NMI).  















% LCS % 
Matrix 
Spike 
As 0.05 <0.05 24 25 4.1 101 100 
Cd 0.01 <0.01 0.02 0.02 0 103 97 
Ca 0.5 <0.5 5890 6060 2.8 102 101 
Cu 0.01 <0.01 19 19 0 100 99 
Fe 0.5 <0.5 5.6 6.1 8.5 103 100 
Pb 0.01 <0.01 0.09 0.1 11 97 100 
Hg 0.01 <0.01 <0.01 <0.01 ND 85 100 
Zn 0.01 <0.01 63 64 1.6 100 103 
Note: Acceptable RPDs on duplicates is 44% at concentrations >5 times LOR. At levels <5 times LOR, a greater RPD 
may be anticipated. Acceptable RPDs on duplicates is 44% at concentrations >5 times LOR. At levels <5 times LOR, a 
greater RPD may be anticipated. LOR = Limit of Reporting, ND= Not Determined, RPD = Relative Percentage 
Difference, LCS = Laboratory Control Sample. Method for the NMI is NT2.46. Full report is provided in Appendix 1. 
 
Certified reference materials 
Two certified reference materials supplied by the IAEA (oyster tissue and tuna tissue) were 
delivered blind to the analytical laboratory. The results of the analysis of their samples are 





For the oyster tissue, relative percentage (%) differences (RD) between the reported and 
certified values ranged from 0% (Cd) to 31% (As) (Table 6). The percentage recovery for Ca is 
not reported as the standard reference material data did not provide this concentration. The 
recovery for As was poor reported at 31% (RD). All values were within the 95% confidence 
level range, excluding As. 
Table 6: Recoveries of trace elements from certified reference materials for Oyster MA-M-1. Values for 95% 




















Measured 14 2.2 10100 320 260 2 0.21 2760 
Certified 
value 



















31 n.d. n.a. -6 -14 33 11 2 
Note: Relative % difference indicates the difference greater (+) or less (-) then the certified value. Values that exceed 
confidence intervals are bolded in the relative % difference values and should be treated with caution.  
 
The tuna RD ranged from 40% (Ca) to 2% (Hg) (Table 7). For Cd, the measured value was below 
the detection limit, and the certified value was close to the detection value, therefore recovery 
percentage could not be calculated. The elements As, Ca, Hg and Zn had reported values within 
the 95% confidence interval. Values for Cu (2.5 mg/kg dry wt.), Fe (60 mg/kg dry wt.) and Pb 
(0.03 mg/kg dry wt.) were outside the confidence intervals 2.55 – 3.10 mg/kg, 66.7 – 77.3 and 
0.05 – 0.2 respectively. In light of the reported values, the results for these latter elements have 
not been adjusted for the calculated recoveries but should be treated with caution. 
4.2 Tissue metal concentrations 
The laboratory analytical results for the trace elements in Lake Illawarra samples are reported 
in Table 5. The results are in mg/kg dry weight. The wet and dry wet conversions are listed in 
Appendix 1. 
Comparison with maximum permitted concentrations  
Concentrations for Cd, Cu, Pb, Hg and Zn were all under the ANZFA guidelines excluding two 
samples (Table 8). Exceptions were two S. commercialis samples from the entrance channel 





74.36 and 71.95 mg/kg dry wt. ANZFA (1998) reported inorganic MPC values for arsenic, 
therefore direct comparison is not applicable. No guideline values for calcium and iron were 
reported.  
Table 7: Recoveries of trace elements from certified Values for 95% confidence interval are also presented. Note: 












































6 - 40 -12 -20 -70 -2 3 
Note: Relative % difference indicates the difference greater (+) or less (-) then the certified value. Values that exceed 
confidence intervals are bolded in the relative % difference values and should be treated with caution.  
 
Essential elements compared to health references 
Adequate Intake (AI) was only reported for copper (FSANZ, 2011), while tolerable upper intake 
limits (UL) were reported in either a range or defined value for the essential elements calcium, 
copper, iron and zinc, which are described as nutrients by the FSANZ (2011). For all values, a 
serving size of 150g for the median value in wet weight has been assumed and compared 
accordingly, as suggested by the FSANZ (2011).  
The median values of the wet weight concentrations of Ca for all species were reported well 
below the UL values. Copper median values for oysters were determined above the AI range but 
within the UL range. Iron was reported well below the UL range (FSANZ, 2011). The median 
value for zinc (34.8 mg/ 150 g) in the oyster tissue was determined above the UL range (5 - 40 
mg/day), while prawns, luderick and dusky flathead contain values below the UL. 
Non-essential elements 
The elements arsenic, cadmium, lead and mercury are reported as non-essential, described by 
FSANZ (2011) as contaminants, and Provisional Tolerable Monthly Intake (PTMI) are provided 
for cadmium and mercury. PTMI values were not available for arsenic and lead, as no values 





S. commercialis reported the only median cadmium value above the PTMI (0.025 mg/kg), at 31 
mg/kg. PTMI value for mercury at 0.0016 mg/kg bw is reported below the detectable limits for 
this study (e.g. <.01), therefore the values reported for G. tricuspidata (0.02 mg/ 0.150 g) and          
P. fuscus (0.01 mg/ 150 g) are above the PTMI values. S. commercialia and M. macleayi cannot be 
quantified as mercury was not detected (i.e. <.01). 
4.3 Location influence 
 
To determine if sample location was an influencing factor for significant differences in element 
concentrations as well as shell dimensions, a Oneway Analysis Test (t-test) was performed on 
the elements As, Cd, Ca, Cu, Fe, Pb, Hg and Zn as shown in Table 9. Shell dimensions were also 
tested for significant differences in depth, breadth and length for the Sydney Rock Oysters 
(Appendix 1).  Table 5 presents the influence of site on element concentrations for School 
Prawns. For the significant and apparent relationships determined, a Goodness-of-Fit Test was 
performed to affirm the plots reflect normal distributions. The details of the significant and 
apparent trends are detailed below. 
Element concentrations in S. commercialis 
Elements concentrations in, S. commercialis, were tested to determine any significant difference 
between sites for As, Cd, Ca, Cu, Fe, Pb, Hg and Zn concentrations. The entrance channel 
appeared to have higher concentrations of Hg and Zn compared with Lake Heights (Figure 6).  
This was particularly notable for Hg concentrations with a slightly higher probability (F1, 22 = 
3.8905, P = 0.06) compared with a slightly weaker relationship between site location and zinc 
concentration (F1, 22 = 3.4781, P = 0.08) (Table 9). A significant correlation in shell length and 





Table 8: Trace metal concentrations in selected marine foods sampled from Lake Illawarra, listed according to essential and non-essential elements as reported in FSANZ 
(2011). Health references (FSANZ, 2011) for adequate intake (AI), tolerable upper intake levels (UL) and provisional tolerable monthly intake (PTMI) per body weight 
(bw) have been provided where possible, together with the median values in wet weight per serving. The Australia New Zealand Food Authority (1998) [ANZFA] 




mg/kg (dry wt.) 
Range in 
concentrations  











according to FSANZ 
(2011) 
ANZFA (1998) MPC 
mg/kg wet wt. 
Arsenic               
S. commercialis 11.0 - 19.0 0.85 - 4.06 1.79 
   
1** 
M. macleayi 10.0 - 55.0 2.95 - 14.1 5.66 
   
1** 
G. tricuspidata 2.1 - 14 0.49 – 3.39 3.55 
   
1** 
P. fucus 3.1 – 9.3 0.77 – 2.07 0.9 
   
1** 
Calcium           UL (mg/day)   
S. commercialis 2 700 - 41 500 273 - 5740 1566 235 
 
2 500 
 M. macleayi 1 700 - 43 300 343 - 11 280 1314 197 
 
2 500 
 G. tricuspidata 1 150 – 6 800 268 – 1 329 623 93 
 
2 500 
 P. fucus 1 320 – 5 390 318 – 1 415 846 127 
 
2 500 
 Cadmium         PTMI mg/kg bw     




















Copper         AI range (mg) UL range (mg/day)   
S. commercialis 120 - 380 6.75 - 74.4* 25 3.75 0.2 - 1.7 1.0 - 10 70 
M. macleayi 16 - 48 4.14 - 11.8 6.2 0.93 0.2 - 1.7 1.0 - 10 70 
G. tricuspidata 0.62 – 1.1 0.15 – 0.28 0.2 0.03 0.2 - 1.7 1.0 - 10 150 
P. fucus 0.55 – 0.66 0.13 – 0.16 0.15 0.02 0.2 - 1.7 1.0 - 10 150 
Iron           UL range (mg/day)   
S. commercialis 52 - 210 6.76 - 32.2 14.5 2.18 
 






M. macleayi 4.8 - 61 1.22 - 16.5 2.7 0.41 
 
20 - 45 
 G. tricuspidata 4.4 - 13 1.07 – 3.32 1.53 0.23 
 
20 - 45 
 P. fucus 3.4 - 38 0.82 – 9.97 2.07 0.31 
 
20 - 45 
 Lead         Not reported     
S. commercialis 0.17 - 0.84 0.02 - 0.12 0.05 
   
0.5 
M. macleayi 0.04 - 1.3 <0.01 - 0.25 0.02 
   
0.5 
G. tricuspidata 0.02 - 0.3 <0.01 - 0.011 <0.01 
   
0.5 
P. fucus 0.04 - 0.07 0.01 - 0.08 <0.01 
   
0.5 
Mercury         PTMI mg/kg bw     




















Zinc           UL range (mg/day)   
S. commercialis 1 100 - 3 450 78 - 700 232 34.8 
 
5 – 40 1000 
M. macleayi 52 - 73 10.2 - 23.1 15.1 2.26 
 
5 – 40 1000 
G. tricuspidata 31 - 43 7.22 – 11.0 8.51 1.28 
 
5 – 40 150 
P. fucus 27 - 47 6.97 – 11.8 8.33 1.25   5 – 40 150 
* Two readings for S. commercialis sampled in the entrance channel were over MPC limit (ANZFA, 1998) reported 74.36 and 71.95 mg/kg dry wt. over the threshold 
70 mg/kg dry wt. All other samples were compliant. 







Table 9: Summary of the Oneway analysis showing the influence of location on element concentration from 
two sites for S. commercialis for the dry tissue weights for a) As, b) Cd, c) Ca, d) Cu, e) Fe, f) Pb and g) Hg. 
Significance of site effecting the concentration of an element is determined by a P <0.05. There were 12 
oysters sampled at both sites. 
Legend: DF = degrees of freedom, SS = sum of squares, P = Prob> F or probability.  
 
Concentration of 
element as a function 
of location for oysters DF SS 
F 
ratio P Direction of response 
a) As 1 1.04 0.134 0.72 No significant effect 
 
Error 22 170.92 
   b) Cd 1 1.65 2.840 0.11 No significant effect 
 
Error 22 12.81 
   c) Ca 1 8.94x10⁷ 0.956 0.34 No significant effect 
 
Error 22 2.058 x10⁹ 
   d) Cu 1 1838 0.302 0.59 No significant  effect 
 
Error 22 133858 
   e) Fe 1 2128 1.119 0.30 No significant effect 
 
Error 22 41853 
   f) Pb 1 0.06 2.180 0.15 No significant effect 
 
Error 22 0.65 
   
g) Hg 1 0.00 3.891 0.06 
No significant effect, 
however, there is an 
apparent trend toward 
different concentrations of 
Hg between the two sites as 
indicated by the P value 
between 0.05 and 0.1. 
 
Error 22 0.01 
   
h) Zn 1 1224017 3.478 0.08 
No significant effect, 
however, there is an 
apparent trend toward 
different concentrations of 
Zn between the two sites as 
indicated by the P value 
between 0.05 and 0.1. 
 
Error 22 7742367 







Figure 6:  Oneway analysis of Hg (F1, 22 = 3.8905, P = 0.06) on the left and Zn (F1, 22 = 3.4781, P = 0.08) mg/kg of 
dry weight tissue on the right by the two locations in the entrance and Lake Heights from Lake Illawarra. Both 
elements show an apparent trend toward higher concentrations at the entrance channel as indicated by the P 
value between 0.05 and 0.1. Twelve oyster samples were collected at both sites. Note: wt. represents weight. 
 
 
4.4 The effect of location on element concentrations in M. macleayi 
A t-test performed on the elements As, Cd, Ca, Cu, Fe Pb, Hg and Zn showed no significant 
differences between sites (the entrance channel and Lake Heights) for the species M. macleayi 
(Table 10). Despite no significant relationships between elements, an apparent trend was 
determined for Cu concentrations (F1, 18 = 3.733, P = 0.070), where higher concentrations were 
found in the tissue of the prawn samples from the entrance channel and lower concentrations at 






Table 10: Results for the t-test, testing the differences between two sample location in Lake Illawarra, at the 
entrance channel (n= 12) and Lake Heights (n = 10) for the species M. macleayi. The random number 
generator column reflects the test selected for to remove two samples at random from the entrance samples 
(Appendix 6) due to the uneven sample sizes between sites. Legend: DF = degrees of freedom, SS = sum of 
squares, P = Prob> F or probability. 





element as a 
function of location 
for prawns dry 
tissue weight DF SS F ratio P Direction of response 
3 arsenic 1 39.2 0.3446 0.56 No effect 
 
error 18 2047.6 
   4 cadmium 1 0.000605 0.6298 0.44 No effect 
 
error 18 0.01729 
   5 calcium 1 23783805 0.2137 0.65 No effect 
 
error 18 2 x 109 
   
6 copper 1 288.8 3.7334 0.07 
No significance but there is 
an apparent trend toward 
different concentrations of 
Cu between the two sites as 
indicated by the P value 
between 0.05 and 0.1.  
 
error 18 1392.4 
   7 iron 1 0.0005 0.0000 1.00 No effect 
 
error 18 5344.385 
   8 lead 1 0.13448 1.8126 0.20 No effect 
 
error 18 1.33542 
   9 mercury 1 0.000045 1.1408 0.30 No effect 
 
error 18 0.00071 
   10 zinc 1 101.25 2.9697 0.10 No effect 
 
error 18 613.7 
   
 
Figure 7: Oneway Analysis testing the differences in Cu concentration in Sydney Rock oysters at two sites in 
Lake Illawarra (F1, 18 = 3.733, P = 0.07), in the entrance channel and Lake Heights. The results indicate an 







4.5 Correlation analysis for oysters and prawns 
The summaries for the Pearson’s Correlation’s analysis are reported in Table 11 for Sydney Rock 
Oyster. Only significant correlations are reported and discussed further. Analysis of correlations 
between the element concentrations of As, Cd, Ca, Cu, Fe, Pb, Hg and Zn were examined. The 
oyster shell dimensions and sample tissue for both species was also noted. Graphs for S. 
Commerlialis are grouped depending on the relationships and discussed accordingly. 
A total of 55 significant relationships for the Sydney Rock Oysters (n = 24) were determined 
between shell dimensions, samples in wet and dry weights and element concentrations, with 34 
correlations between elements. Both dry and wet concentrations were examined, but 
relationships between elements were kept homogenous (e.g., dry vs. dry, wet vs. wet). 
Correlation (r) and probability (P) have been reported, reflecting the direction and strength of 
the relationship respectively. 
G. tricuspidata and P. fuscus were considered to have inadequate sample sizes (n=6), so a 





Table 11: Pairwise Correlation for Sydney Rock Oysters examining the significant correlations between the elements As, Cd, Ca, Cu, Fe, Pb, Hg and Zn, with the variables 
including the oyster shell dimensions, length, depth and breadth, as well as tissue sample weights. For elements, the dry weight data is indicated by* and wet weight data 











wt. As Cd Ca Cu Fe Pb Hg 
Shell 
length 0.52   

















0.63** -0.52**   
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0.43** 
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0.47* 0.53* 0.50* 0.41* 0.82* 0.63*   











4.5.1 Significant correlations for shell weight and length influencing element 
concentrations  
For whole weight of oyster shell and tissue, and the shell length, five significant correlations 
were determined for both (Figure 8). The strengths of the correlations are listed from strongest 
to weakest as follows: shell length vs. Hg (dry wt.); whole shell weight (wet wt.) vs. Fe (wet wt.); 
whole shell weight (wet wt.) vs. As (wet wt.); shell length vs. Cd (dry wt.); and, whole shell 
weight (wet  wt.) vs. Pb (wet wt.). The two significant correlations for shell length demonstrated 
positive correlations, that is, increases in shell length coincide with increases in concentrations 
of Cd and Hg in oyster tissue samples. An inverse relationship was found for whole oyster shell 
weight (wet wt.), where increases in shell weight resulted in decreases in the concentrations of 
As, Fe and Pb (wet wt.). 
Significant correlations for whole shell weight and shell length, whole shell weight and shell 
depth, whole shell weight and tissue sample in wet weight, and tissue sample in wet weight and 
shell depth were also noted with significant correlations (Appendix 12). 
4.5.2 Significant correlations for dry tissue influencing element concentrations 
 
A number of strong significant correlations were determined for the weights of the dry tissue 
samples for S. commercialis, demonstrated (Figure 9). The strongest relationship was found in 
Cu (wet wt.), followed by Zn (wet wt.), Cd (wet wt.), As (wet wt.), As (dry wt.), Fe (dry wt.) and 
Ca (wet wt.) respectively. All relationships exhibited a positive trend apart from Fe in dry weight 
and As in dry weight. Both As values had notable correlations with increases in dry tissue 
samples (i.e. dry weight: r = -0.4565, P = 0.0249; wet weight: r = 0.6328, P = 0.0009), but reflect 
inverted relationship directions, the wet weight for As reflects a positive growth with increasing 






Figure 8: Significant correlations for Sydney Rock Oyster from Lake Illawarra. Correlations are indicated by r 
and significant probability are indicated by the P value <0.05. The graphs represent: a) whole oyster vs. As 
(wet wt.); b) whole oyster vs. Fe (wet wt.); c) whole oyster vs. Pb (wet wt.); d) shell length vs. Cd (dry wt.); e) 






Figure 9: Significant correlations for dry tissue samples from Sydney Rock Oysters from Lake Illawarra. 
Correlations are indicated by r and significance by P value <0.05. The graphs represents: a) tissue vs. As dry 
weight concentrations; b) tissue vs. As wet weight concentrations.; c) tissue vs. Ca wet weight concentrations; 
d) tissue vs. Cd wet weight concentrations; e) tissue vs. Cu wet weight concentrations; f) tissue vs. Fe dry 







4.5.3 Element concentrations compared to wet weight samples in Sydney Rock Oyster 
 
Element concentrations were tested against wet weight of samples in S. commercialis resulting 
in four significant correlations including: As wet weight, Cd wet weight, Fe dry weight and Pb 
wet weight. All correlations were notably negative with moderate strength (Error! Reference 
source not found. 10). This implies as wet weight of samples increase, the concentration for As, 
Cd, Fe and Pb decrease. 
 
Figure 10: Significant correlations between tissue samples (wet wt.) and element concentrations, ordered from 
strongest to wekest include Fe (dry wt.), As (wet wt.), Cd (wet wt) and Pb (wet wt.). Correlation values are 
indicated by r, whilst P represents the significant probability. Note: wt. represents weight. 
 
4.5.4 Arsenic significant correlations 
 
A total of eight significant correlations with arsenic concentration were demonstrated  
(Figure 11). Listed from strongest to weakest relationships are Fe (wet wt.) >Zn (wet wt.) > Fe 
(dry wt.) > Cd (wet wt.) >Cu (wet wt.) > Pb (wet wt.) > Pb (dry wt.) > Hg (dry wt.). All 
relationships reflected a positive relationship with increasing As concentration, where 







Figure 11: Significant correlations for arsenic concentrations between the following element concentrations in 
Sydney Rock Oyster from Lake Illawarra; a) Cd  in wet weight; b) Cu in wet weight;  c) Fe in dry weight; d) Fe in 
wet weight; e) Pb in dry weight; f) Pb in wet weight; g) Hg in dry weight; and h) Zn in dry weight. The 
correlation for each relationship is indicated by the r value, and the P value represents the significant 







4.5.5 Cadmium relationships in Sydney Rock Oyster 
 
A total of eight positive significant correlations with cadmium were prevalent (Figure 12) and 
are listed from strongest r value to weakest: Zn (wet wt.) > Cu (wet wt.) > Zn (dry wt.)  > Fe (wet 
wt.) > Cd (wet wt.) > Cu (dry wt.) > Pb (wet wt.) > Hg (dry wt.). The correlations for Zn (wet and 
dry wt.), Zn (dry wt.) and Fe (wet wt.) reflected strong relationships with P <0.01 and r >0.700. 
4.5.6 Calcium correlations in Sydney Rock Oyster 
 
Calcium demonstrated six positive relationships (Figure 13) with the following elements from 
strongest to weakest correlation: Pb (wet wt.) > Cu (wet wt.) > Pb (dry wt.) > Zn (wet wt.) > Fe 
(wet wt.) > Hg (dry wt.). The correlation between Ca and Pb (r = 0.8227, P = <.0001) reflected a 
strong relationship, while all other relationships were below r < 0.700. 
4.5.6. Copper correlations in Sydney Rock Oyster 
 
Copper demonstrated five significant correlations with the following elements from strongest 
relationship to weakest according to the r value: Zn (wet wt.) > Zn (dry wt.) > Fe (wet wt.) > Pb 
(wet wt.) > Hg (dry wt.). For the elements examined for correlations relationships, zinc and 
copper in wet weight have demonstrated the strongest relationship (r = 0.9638, P = <.0001) 
(Figure 14). 
4.5.7. Iron, lead and mercury correlations in Sydney Rock Oyster 
 
Iron demonstrated four strong correlations with the following elements from strongest to 
weakest correlation: Hg (dry wt.) > Pb (wet wt.) > Zn (wet wt.) > Pb (dry wt.). The relationships 
between iron and mercury, lead in wet weight and zinc in wet weight reflected P <.0001 showing 
strong positive correlations with increasing concentrations in iron (Figure 15). 
Lead reflected two moderately correlated relationships with Zn (wet wt.) and Hg (dry wt.), from 
strongest to weakest respectively. Lastly, mercury and zinc in dry weight reflected a weak 






Figure 12: Significant correlations for cadmium concentrations in Sydney Rock Oyster from Lake Illawarra. 
Cadmium concentrations values are plotted against element concentrations as follows: a) Cd vs. Ca in wet 
weight; b) Cd vs. Fe in wet weight; c) Cd vs. Cu in dry weight; d) Cd vs. Cu in wet weight; e) Cd vs. Pb in wet 
weight; f) Cd vs. Hg in dry weight; g) Cd vs. Zn in dry weight; and h) Cd vs. Zn in wet weight. The correlation for 
each relationship is indicated by the r value, and the P value represents the significant probability between 









Figure 13: Significant correlations for calcium concentrations in Sydney Rock Oyster from Lake Illawarra 
reflecting the following relationships: a) Ca vs. Cu in wet weight; b) Ca vs. Fe in wet weight; c) Ca vs. Pb in dry 
weight; d) Ca vs. Pb in wet weight; e) Ca vs. Hg in dry weight; and, f) Ca vs. Zn in wet weight. The correlation 
value is represented by r and the significant probability is indicated by P value. All units are present in mg/kg. 
















Figure 14: Significant correlations for copper concentrations in Sydney Rock Oyster, from Lake Illawarra 
plotted against the following element concentrations: a) Cu vs. Fe in wet weight; b) Cu vs. Pb in wet weight; c) 
Cu vs. Zn in dry weight; d) Cu vs. Zn in wet weight; and, e) Cu vs. Hg in dry weight.  Correlation values are 








Figure 15: Significant correlations between plotted element concentrations found in Sydney Rock Oyster from 
Lake Illawarra. The graphs represent the following relationships: a) Fe vs. Pb in dry weight; b) Fe vs. Pb in wet 
weight; c) Fe vs. Hg in dry weight; d) Fe vs. Zn in wet weight; e) Pb vs. Hg in dry weight; f) Pb vs. Zn in wet 
weight; and, g) Hg vs. Zn in dry weight. Correlations between elements are represented by the r value, while 
the P value indicates the significant probability between the element concentrations. Units are expressed in 






4.5.8 Significant correlations for School Prawn 
 
The summaries of Pearson’s Correlation for School Prawn are reported in Table 12 and values 
of r > 0.700 have been bolded to highlight strong correlations. The School Prawns exhibited 10 
significant correlations, 35 less than the Sydney Rock Oyster correlations. Most relationships 
were associated with the mass in dry and wet weight (Figure 16); however three significant 
relationships were determined for the concentration of element to element interactions shown 
(Table 12). Mercury was deliberately excluded from the analysis due to 14 out of 22 samples 
plotted below the detection limit. A significant relationship was noted for tissue dry weight 
compared with tissue in wet weight mass (Appendix 13). 
Tissue mass as an influence of element concentrations 
The mass of sample reflected seven positive correlations with the following elements listed 
from strongest to weakest: tissue (dry wt.) vs. Zn (wet wt.) > tissue (wet wt.) vs. Zn (wet wt.) > 
tissue (dry wt.) vs. Zn (dry wt.) > tissue (wet wt.) vs. Cu (wet wt.) > tissue (dry wt.) vs. Cu (dry 
wt.). All combinations with zinc reflected strong correlations with increasing tissue mass in both 
wet and dry weight. Copper reflected a moderate significant correlation with increasing tissue 
mass (Figure 16). 
Table 12: Pairwise Correlation for School Prawns sampled from Lake Illawarra, examining the correlation 
values for all significant relationships. For elements dry weight data is indicated by* and wet weight data is 
indicated by **. Values >0.700 have been bolded to demonstrate strong correlations. (n = 22) Note: wt. 
represents weight. 
 
Significant metal/metal interactions in M. macleayi 
For the 22 prawns sampled in Lake Illawarra, only three interactions reflected positive 
correlations between the element to element concentrations (Figure 16) and are listed from 
strongest to weakest in correlation: Cd vs. Ca (dry wt. )  (r = 0.653, P = 0.001), As vs. Ca (wet wt.) 





wt. As Cd Cu Fe 
Tissue wet 
wt. 0.96        
  Ca     0.54** 0.65*     
Cu 0.53** 0.57**         
Zn 0.64* 0.81** 0.73* 0.64** 
 






Figure 16: Oneway Analysis for M. macleayi sampled from Lake Illawarra. Figures represented the following 
correlations: a) Tissue (dry wt.) vs. tissue (wet wt.), b) Tissue (dry wt.) vs. Cu (dry wt.), c) Tissue (dry wt.) vs. 
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(wet wt.), and, g) Tissue (wet wt.) vs. Zn (dry wt.). The correlation value is indicated by r, the probability 





4.6 Summary of results 
 
The following section outlines the main results for the health reference guidelines, location 
influence on S. commercialis and M. macleayi, and the significant correlations for S. commercialis 
and M. macleayi. 
4.6.1 Sample location influence: 
 Location of sampling appeared to influence Hg and Zn concentrations for S. 
commercialis, where slightly higher concentrations were apparent at the entrance 
channel sample site.  
 Significantly longer shell length for S. commercialis was noted for at the entrance 
channel sample site compared with Lake Heights. 
 An apparent trend was determined for Cu concentrations in the tissue of M. macleayi, 
reflecting higher concentrations at the entrance channel sample site. 
4.6.2 Significant correlations in metal pollutants: 
 Significant correlations for S. commercialis totalled 55, eight of which had r > 0.75, 
including for Cd and Cu (r = 0.88, P = <.0001, in wet weight), Zn and Cd (r = 0.93; P = 
<.0001, r = 0.79, P = <.0001 in wet and dry weight respectively), Ca and Pb (r = 0.82, P = 
<.0001 in wet weight), Cu and Zn (r = 0.96, P = <.0001, r = 0.86; P = <.0001 in wet and 
dry weight respectively), Fe and Pb (r = 0.08, P = <.0001 in wet weight), and Pb and Hg 
(r = 0.82, P = <.0001 in dry weight). 
 Significant correlations for M. macleayi totalled 10, two of which had correlations >0.75. 
These included the relationships between tissue in dry weight with Zn concentrations in 
wet weight (r = 0.81, P = <.0001) and tissue in wet weight compared with Zn 
concentrations in dry weight (r = 0.73, P = <.0001). A significant correlation was noted 
between tissue mass in dry and wet weight (r = 0.96, P = <.0001) (Appendix 12). 
4.6.3 Comparison with health reference guidelines: 
 Two oyster samples (74.4 and 72.0 mg/kg) for the Cu MPC (70 mg/kg) sampled from 
the entrance channel exceeded the MPC levels (ANZFA, 1998). All other tissue 
concentrations for As, Cd, Cu, Pb, Hg and Zn were below the MPC levels (ANZFA, 1998) 
for all species.  
 The AI range for Cu (0.025 mg/kg bw) was exceeded by the oyster samples (0.31 
mg/kg), while all other species were below the recommended range. 
 Tissue concentrations for Ca, Cu, Fe, and Zn were found to be either below or within the 
UL range; however, Zn was near the upper range of the UL (5 – 40 mg/day) for the 





 Cadmium values for all species was well below the PTMI level (0.025 mg/kg bw), with 
the exception of S. commercialis which exceeded (0.31 mg/kg). 
 The Hg PTMI value (0.0016 mg/kg bw) was exceeded by G. tricuspidata and P. fuscus, 
(0.02 and 0.01 mg/kg, respectively), while S. commercialis and M. macleayi could not be 
commented on as values were not detected for Hg (<.01 mg/kg). 
The significance of these results and the relationships to other works will be discussed in 










This chapter discusses the 2012 concentrations of the trace elements As, Cd, Ca, Cu, Fe, Pb, Hg 
and Zn in Lake Illawarra marine foods in terms of the Maximum Permitted Concentrations 
(MPC) as reported by ANZFA (1998). Concentrations have also been compared to the Adequate 
Intake (AI) for copper, and the tolerable Upper intake Level (UL) (FSANZ, 2000) for Ca, Cu, Fe 
and Zn. Results are discussed in terms of the Provisional Tolerable Monthly Intake (PTMI) 
values. Values for the concentrations and ranges are then compared to the other studies 
utilising the same species from local and regional estuaries along the coast of NSW and similar 
species of prawn and shrimp from sites the world. The accumulation patterns for each species 
and element are then discussed in detail with reference to potential sources for contamination 
and pathways facilitated by the elements for entry into enter the biological organism. The 
discussion is finalised with comments on the limitations of the project and options for future 
research. 
 
5.2 Metal concentration in selected marine foods and implications for 
human consumption. 
The reported levels for all elements were below the recommended MPC as advised by ANZFA 
(1998). The As MPC value is reported in inorganic concentrations; therefore the total As 
concentration values could not be compared directly. Two of the samples returned values above 
the MPC level (70 mg/kg of wet weight) for Cu. Two oyster samples recorded Cu values 
considerably in excess of the standard by an error of magnitude. The reasoning for these 
excesses will be detailed further in section 5.3.4. 
If arsenic concentrations were all inorganic, the values reported would mostly be in excess of 
the MPC values, particularly for M. macleayi. However, this is unlikely as Peshut et al. (2008) 
reported concentrations for total arsenic, inorganic As and percentage of inorganic arsenic in a 
range of fish and shellfish. The percentage for inorganic As was reported on most accounts to be 
less than 0.5%, with  a few samples within the molluscs species reported at 1 – 5% range for 
inorganic As, while a 5 – 10% factor is recommended by United States Food and Drug 
Administration (USFDA, 1993). If the 5 – 10% factor is applied, at a 10% range all species were 
below the MPC limit (1.0 mg/kg of wet weight of inorganic As) with a few exceptions for the 
prawn sample (1.1, 1.2 and 1.4 mg/kg of wet weight) therefore, health risk from inorganic As 





Higher inorganic As percentages were attributed to molluscs, due to the higher concentrations 
reported by Peshut et al. (2008), which contradicts the findings of the prawns. Prawns are likely 
to be higher in As in this study due to the burrowing and feeding habits of these organisms 
where they feed off the detritus and can be likely to ingest sediment grains by accident, making 
them susceptible to As within the sediments (Ruello, 1973). 
 5.2.1 Essential elements (Ca, Cu, Fe and Zn) 
Values in excess of AI and UL health standards represent potential public health risks (FSANZ, 
2011). The AI was only reported for Cu by the FSANZ (2011), where these values are presumed 
the necessary levels for a healthy population. Median Cu values for G. tricuspidata and P. fuscus 
were below the AI range when the median value was calculated for a 150 g serving (FSANZ, 
2011). Values recorded for M. macleayi were reported within the AI range.  S. commercialis was 
above the AI range at 3.75 mg, with a UL range of 0.2 – 1.7 mg, but below the tolerable upper 
intake level (UL) of 10 mg/day.  The Cu values may not necessarily be harmful to humans as the 
UL value (10 mg/day) reflects the highest average daily intake level before potential adverse 
health risks; however, if the serving size is applied to the higher values found at 74 and  72 
mg/kg, a 150 g serving would contain 11.2 and 10.8 mg respectively. Adverse effects might 
result if these quantities were consumed daily for sustained periods, particularly for people 
with small body weight (i.e., children), who more susceptible to risks per concentration (FSANZ, 
2012).  
The values for Ca and Fe were well below the UL range and therefore are deemed to pose no 
health risk. Zinc values for M. macleayi, G. triscupidata and P. fuscus were well below UL range, 
but, S. commercialis, exhibited a high median value (34.8 mg/150 g serving) which was within 
the UL range (5 – 40 mg/day). Though this value does not exceed the UL range, long term 
monitoring is recommended to ensure values to do not rise appreciably, and if they appear to be 
doing so, appropriate responses should be implemented as to notify the public of risk from 
exposure. 
5.2.2 Non-essential elements (As, Cd, Pb and Hg) 
Levels at which Cd and Hg potentially become harmful for human health have been determined 
and are reported as PTMI values. This is defined as the recommended maximum concentration 
that should be consumed per month (FSANZ, 2011). Median element concentrations for each 
species were calculated (mg/kg) and these were compared to the recommended limits.  
The Cd values in S. commercialis exceeded the PTMI (0.025 mg/kg body weight) at  
0.31 mg/150 g, while all over species were reported below this limit. The PTMI value for Hg 





S. commercialis and M. macleayi which have mercury below detection values (<.001 mg/kg) 
could not be compared directly. Therefore, S. commercialis and M. macleayi are not suitable for 
monitoring for Hg. Median values for G. tricuspidata and   P. fuscus reported 0.02 and 0.01 
mg/kg respectively, and are therefore greater than the PTMI value advised. Monitoring higher 
trophic species like G. tricuspidata and P. fuscus is recommended, though these levels are not 
likely to cause health risk, although due to the biomagnification potential, any presence of 
mercury should be monitored in the environment (Luoma and Rainbow, 2008). Monitoring for 
Hg is important in the environment, due to the bioaccumulation and biomagnification effect Hg 
posses on the environment, and this is best done through higher trophic organisms (Luoma and 
Rainbow, 2008; Barwick and Maher, 2003). 
5.3 Comparison with local and regional values 
Concentrations of metals found in S. commercialis, G. tricuspidata and P. fuscus in other studies 
are listed in Table 13.  This includes for previous studies undertaken in Lake Illawarra, as well 
as in Lake Macquaire and other estuaries across NSW. The values from Scanes and Roach 
(1999) are utilised as background levels for S. commercialis. Due to limited data for natural 
element concentrations in the muscle tissue of M. maclaeyi in Australian estuaries, values have 
instead been compared to other species of prawns and shrimp across the world (Table 14).  
5.3.1 Oysters 
The concentrations for S. commercialis reported in Table 9 show similar ranges to those 
reported from previous studies on Lake Illawarra particularly for the elements Cd, Cu, Pb and 
Hg. All levels reported for S. commercialis were greater than the background ranges calculated 
by Scanes and Roach (1999). Scanes and Roach (1999) were used as a background 
concentration reference as the study determined the likely natural levels expected within a 
NSW estuary environment. 
Arsenic was the only value notably higher than other studies, including those taken in Port 
Hacking, Botany Bay, Richmond River and Moruya River (Scanes and Roach, 1999; Brown et al., 
2004; Hafey, 2000; Gall et al., 2012) but they were comparable to values recorded in a number 
of NSW estuaries by Mackay et al. (1975). The reasons for this could be the selection differences 
in samples sites. Hafey (2000) sampled S. commercialis near the Tallawarra Power Station, 
attributing one Cu value that exceeded the MPC limit to pollution from the power station. 
Although these results for arsenic are of minimal concern, there is a small possibility that 
arsenic levels have slightly elevated since the last testing arsenic in oysters (Hafey, 2000) and 
should continue to be monitored for any potential changes in concentration. Cu, Pb and Hg 
values in S. commercialis exhibited a similar range to Hafey (2000), while zinc values were 





were present from the entrance, and an apparent trend reflecting greater concentrations for 
arsenic (F1, 22= 3.4781, P = 0.0756) was determined for this sample location. These values may 
be attributed to the size of oyster from both sites (see section 5.3.4).  
Despite the known sources of contamination from the steel works and the copper smelter in 
Port Kembla (Chenhall et al., 2004), as past research by Hafey (2000) and Carolan (1993) also 
reported observed pollutant levels, reasons for the increase in As levels within the organisms 
are not known. Historically, elevated levels in Pb, Cu and Zn have been recorded for sediments 
on the southern banks of Griffins Bay (Chenhall et al., 2004). Values for Zn within the sediments 
exceeded trigger values (ISQG-high) in the sediment (ANZECC and ARMCANZ, 2000). Shell 
length was significantly longer at the entrance; therefore these oysters are likely to be older and 
may have therefore accumulated higher amounts of contaminants due to longer exposure time. 
Though this may be one explanation, length is not necessarily indicative of age (Luoma and 
Rainbow, 2008). A better sampling regime to determine if this is a regular occurrence may be a 
possible topic for future research. 
5.3.2 Prawns 
Values for M. macleayi, in both wet and dry weight ranges are reported together with the values 
from Pourang et al. (2004) and Ong Che and Cheung (1998) to provide an indication typical of 
global concentrations (Table 14). Cadmium and Fe concentrations were greatest for the species 
Penaeus vanname (Pacific White Shrimp), from Mexico (Ong Che and Cheung, 1998) recorded at 
0.57 ± 0.33 and 180 ± 122 mg/kg dry weight respectively. While values reported for CU, Pb, Hg 
and Zn were 60.5 in wet weight, 32.1 in dry weight, 0.038 in wet weight and 1185 mg/kg in dry 
weight for the species Penaeus indicus (Indian White Prawn), Penaeus monodon (Giant Tiger 
Prawn), Penaeus Kerathurus (Caramote Prawn) and Penaeus monodon repectively. The values 
reported for M. macleayi were substantially less for all elements. Variations in these ranges are 
likely due to a number of influence factors including the species, contamination in the 
environment, sampling technique and even seasonality. 
5.3.3 Fish 
Arsenic and Zn concentrations in the fish species G. tricuspidata and P. fusc,s were elevated 
when compared with the values reported for Lake Illawarra by Brown et al. (2004) and Hafey 
(2000) reported values for the tissue sampled from species in Lake Illawarra. Greater Cd values 
were reported for Lake Macquarie (Barwick and Maher, 2003) .Values for As, Cd, Cu, Pb and Zn 
were lower than those reported for P. fuscus in Lake Macquarie, likely due to the higher 
contamination in Zn and Pb concentrations within the sediment at Lake Macquarie resulting 





5.3.4 Size as an indicator of metal concentrations 
Numerous studies have established both a positive and inverse relationships between organism 
size and element concentration (Luoma and Rainbow, 2008; Pourang et al., 2004; Pearson, 
1993). In this study the oyster shells at both sites ranged from 6 cm to 9.5 cm and positive 
relationships were noted between Cd, Hg and Zn concentrations and increase in shell length. 
Many studies have recognised size as an influencing factor into the amount of concentration 
accumulated by fish (McKinley et al., 2012; Canli and Atki, 2003; Al-Yousf et al., 2000) and 
molluscs (Pourang et al., 2004; Pearson, 1993). However, larger concentrations have as been 
known to inversely correlate with length of shell (Luoma and Rainbow, 2008; Hafey, 2000) 
likely due to the greater metabolism. The concentration of As, Cd, Cu, Pb and Zn reported by 
Hafey (2000) were lower then what was determined in this study for S. commercialis, and the 
size samples were also consistently smaller for the oysters collected by Hafey (2000) (e.g. 3.5 – 
4.8 cm compared with 6 – 9 cm). Therefore, size may be a determining factor in higher 
concentrations of As, Cd, Cu, Pb and Zn.  
The values that exceed the MPC limits for S. commercialis may be attributed to the size of the 
organism and contemporary contamination levels from the potential pollutant sources of the 
Tallawarra Power Station, Port Kembla Steelworks and the copper slag within the Windang 
Penninsula. Consequently, S. commercialis may need to be re-sampled to ensure accuracy of the 
results and eliminate the possibility of contamination. 
Pearson (1993) proposed that for the elements Cu and Zn size dependency of the larger oysters 
exhibited proportionally higher concentrations. This might be the result of the organism 
reaching a maximum size and therefore, the concentrations are not being readily diluted by the 
growth of new tissues. Pourang et al. (2004) reported that smaller organisms tended to 
accumulate higher concentrations in elements, due to the high growth rate and increased 
metabolism, likely exposing the organism to greater amounts of the element of interest. This 
was found when comparing results to Hafey (2000). Limitations still exist when comparing this 





Table 13: Concentration of elements within the species S. commercialis, G. tricuspidata and P. fuscus compared to values from previous studies both Lake Illawarra and 
other select environments. Values bolded indicate greatest concentration both for dry and wet weights. The reported values for this study have been shaded grey. 
Location Reference Unit Organism As Cd Ca Cu Fe  Pb  Hg Zn 
20 NSW 
estuaries 





S. commercialis 0.3 - 3.4 0.1 - 1.0 
  
3.0 - 48 
  
0.3 - 1.3 
  
80 - 665 
  
(Scanes and 








L. Illawarra (Hafey, 2000) 








0.03)   









106 - 183 
(155 ± 14) 
Port Kembla 
(Gall et al., 




0.53   
37.0 - 65.2 
  
0.43 - 1.05 
  
  





273 –  





0.02 - 0.12 
<0.01 - 
0.01 







 S. commercialis   
0.76 - 
1.6 
  21 - 90   0.1 - 0.4   
793 - 
1465 
L. Illawarra This study 







121 - 380 53 - 210 
0.17 - 
0.85 
















    









20 ± 1 
L. Illawarra This study 
    












36.5 ± 1.7 
L. Illawarra 






















268 - 1 
329 




















0.1 – 1.3 
 
0.1 – 1.5 
0.07 – 
0.22 
2.20 - 15 
L. Illawarra Hafey, 2000 
  
0.3 - 1.24 <0.02   0.12 - 0.45   <0.02 0.02 - 0.07 3.97 – 6.87 




318 - 1 
415 
















 P. fuscus 1.2 ± 0.2 
0.010 ± 
0.003 
  4.1 ± 0.3   
0.82 ± 
0.80 
  19 ± 1 




















Table 14: Selected prawns reflecting concentration of element within the muscle portion of the organism. Concentrations are expressed in mg/kg of wet weight.  
* denotes dry weight in mg/kg.  nd represents not detected. Mean ± standard deviation. Reported values for this study have been shaded grey. 
Location/Standard  
Species 
(common name) As Cd Ca Cu Fe Pb Hg Zn Reference 








Pourang et al., 
2003 
Ennore estuary, India (3) 
Penaeus indicus 









Pourang et al., 
2003 







7.4 3.1 0.34 0.038 13.2 
Pourang et al., 
2003 
St. Vincent Gulf, Australia 
(7) 
Penaeus latistulcatus 





5.7 ± 0.8 
 





Pourang et al., 
2003 











Pourang et al., 
2003 











Pourang et al., 
2003 
Persian Gulf, North of  
Qeshm Island (10) 
Penaeus merguiensis * 
(Banana Prawn) 
 
0.07  ± 
0.03* 
 
17.86  ± 
11.5* 
17.8  ± 
19.7* 
  
40.2  ± 
15.2* 
Pourang et al., 
2003 
Sunderban, India (11) 
Penaeus monodon* 







Pourang et al., 
2003 
Coast of Ghana (12) 
Penaeus notialis 




4.81 4.99 0.29 
0.027  ± 
0.004 15.7 
Pourang et al., 
2003 
Persian Gulf, Qatari coast 
(15) 
Penaeus Semisulcatus  








Pourang et al., 
2003 
Pacific coast of Mexico (16) 
Penaeus vanname* 
(Pacific White Shrimp) 
 
0.57  ± 
0.33* 
 
23.3  ± 
5.9* 
180  ± 
122* 
  
60.6  ± 
18.8* 
Pourang et al., 
2003 
Deep Bay, China 
Metapenaeus ensis* 
(Greasyback Shrimp) 
    
139  ± 
49.8* 





Ong Che and 
Cheung (1998) 
Lake Illawarra, Australia 
(22) 















23.1 This study 
Lake Illawarra, Australia 
(22) 


















5.4 Concentration of elements from selected species  
5.4.1 Essential elements vs. non-essential elements 
Essential elements (Ca, Cu, Fe and Zn) were detected in higher concentrations than non-
essential elements (Cd, Pb and Hg) for all species, with the exception of As. As the essential 
elements are necessary for daily, metabolic functions within the organism it is expected that 
levels for these elements would be greater than those not so required (Pourang et al., 2003). 
However, as Cu and Zn are potential pollutants their concentrations may reflect pollution levels. 
The concentration of As (3-14 mg/kg wet weight) within the tissue of prawn samples was 
comparable to concentrations of Cu (4 – 12 mg/kg wet weight). Arsenic concentrations in both 
Luderick and Dusky Flathead were substantially higher than Cu concentrations (0.49 – 3.4 
mgAr/kg > 0.15 – 0.28 mgCu /kg wet weight and 0.77 – 2.07 mgAr/kg > 0.13 – 0.16 mgCu /kg wet 
weight, respectively). Comparable concentrations of As occurred in oyster samples, though 
copper values were substantially higher (e.g., 0.85 – 4.06 mgAr/kg < 0.15 – 0.28 mgCu/kg wet 
weight). Similar trends have been recognised in S. commercialis and G. tricuspidata (Hafey 
2000), reflecting the species ability to accumulate high levels of Cu and Zn, and are able to 
manage these concentrations due to the capacity of the organism to store these elements (e.g. 
through metallothoniens) without the levels being toxic (Luoma and Rainbow, 2008).  
5.5 Element interactions for S. commercialis and M. macleayi 
5.5.1 Correlations in the tissue of S. commercialis  
The most notable correlations determined were the relationships between Cd and Cu, Cd and 
Zn, Ca and Pb, Cu and Zn, Fe and Pb, and Fe and Hg.  These results may indicate the pathways in 
which these metals are taken up by S. commercialis (Carolan, 1993). As Cu and Zn serve 
biological purposes, the strong correlation could be the result of the organism acquiring the 
necessary nutrients and maintaining the adequate amount for healthy internal function. 
Similarly the function served to detoxify excessive contaminants, the affinity for 
metallothioniens to Cd and Zn may explain some of the correlation between the two elements 
(Rebouças do Amaral et al., 2005). Rebouças do Amaral et al. (2005) studied the depuration 
rates (e.g. time taken for an oyster to remove any undigested food from its digestive system) for 
Zn and Cd in the tissue of Mangrove Oyster, Crassostrea rhizophorae, and found that the forms in 
which the elements existed influenced the capacity for the organism to depurate them. For 
dissolved forms, the organism is more readily able to expel the contaminant from the tissue, 
while in a larger form, such as a granule, the contaminant is more readily retained (Rebouças do 





5.5.2 Correlations in the tissue of M. macleayi  
Three significant correlations were found within the tissue of the prawn samples, As with Ca, Cd 
with Ca, and Cu with Zn. The relationship between Cu and Zn could be the result of a 
combination of processes including the use of similar metabolic pathways as both elements are 
essential to the prawn and would be actively consumed by the organism (Luoma and Rainbow, 
2008). The correlations between Ca, and As and Cd may be attributed to the moult cycle, and the 
rapid active uptake of Ca by the crustacean. Wright (1995) attributed high fluxes in Cd intake to 
a direct interaction with Ca through calcium pumps.  
5.6 Trophic transfer potential from food sources 
Although this study has not been designed to determine the biotransference potential across the 
species, the general capacity of biotransference through these species is outlined below.  
The organisms within this study can be characterised by the categories proposed by Barwick 
and Maher (2003; Figure 19) where S. commercialis represents the planktivore, M. macleayi 
represents detritivores, G. tricuspidata is a herbivore and P. fuscus is a carnivore. The only 
species which directly interact is M. macleayi and P. fuscus, where the fish species is likely to 
consume the prawns, therefore there is limitation to interpreting the species studied and how 
representative they are of the biotransference across functional groups. Biotransference is 
determined through a pattern of increasing concentration of a selected element from the lowest 
to the highest trophic level. The elements considered (i.e., As, Cd, Cu, Fe, Pb, Hg and Zn) will be 
discussed in detail. Calcium is not discussed as it is not considered to be a pollutant. 
Concentrations for all elements for each species are represented in Figure 9, together with the 
MPC levels for Cd, Cu, Pb, Hg and Zn. 
 
Figure 17: Biotransference across trophic levels for the species P. fuscus, G. tricuspidata, M. macleayi and  
S. commercialis 
Sydney Rock Oyster, S. commercialis
(planktivore)












Arsenic values were highest within the detritivore followed by planktivore , herbivore and the 
carnivore, suggesting no trend of trophic transfer. Crustaceans exhibited the highest 
concentrations for As, consistent with other studies (Barwick and Maher, 2003; Maher and 
Batley, 1990). Reported values for M. macleayi were greater than those reported by Barwick and 
Maher (2003) and Ruangwises and Ruangwises (2011). However, this is not necessarily a direct 
indication of As contamination within Lake Illawarra, as different species will maintain different 
concentrations of elements negating direct comparison between species (Luoma and Rainbow, 
2008). There is no likely biotransference across these functional groups as no apparent trends 
exist across trophic groups (Barwick and Maher, 2003; Pearson, 1993). Typically, As is 
considered to not biomagnify across foodwebs (Pearson, 1993), consistent with the results 
found in this study.  
Cadmium 
Cadmium values were reported highest within the planktivore had the highest cadmium values 
and these reduced in the detritivore, herbivore and carnivore.  The reported range of 
concentrations is likely to be influenced by the sampling design, as only the flesh was selected 
for the M. macleayi, G. tricuspidata and P. fuscus to determine the current concentrations of 
elements while the entirety of the oyster soft tissue was tested. Cd is considered to be detoxified 
through the use of metallothioniens (MT) by marine organisms, and metallothioniens are 
known to accumulate within the hepatopancreas (located at the head of the crustacean) thereby 
not sampling areas within the organisms tissue that would inhabit MTs limits the interpretation 
of how much of the element is present within the organism.  
Cadmium was also studied within the tissues and organs of Rainbow Trout (Oncorhyncus 
mykiss) where the muscle tissue represented 57% of the total concentration for Cd followed by 
25% in the kidney, 9% in the liver and 8% in the skin of the organism (Ciardullo et al., 2008). 
Given this consideration, reported concentrations for Cd in M. macleayi, G. tricuspidata and P. 
fuscus are likely to be higher than what is present in the entire organism as only muscle portions 
of the tissue were measured. Despite the reported concentrations being higher, Cd does not 
appear to biomagnify through the trophic structures, consistent with previous studies (Barwick 








Figure 18: Trace element concentrations in tissue samples of selected marine foods from Lake Illawarra, NSW. 
The concentrations (mg/kg) of elements, in wet and dry weight, across species reported are a) As, b) Cd, c) 
Ca, d) Cu, e) Fe, f) Pb, g) Hg and, h) Zn. The MPC bar indicates Maximum Permitted Concentration as reported 
by the ANZFA Guidelines (1998) and is applicable to only wet weight values (Mean ± standard error). The 























































































































































Detritivore values were substantially higher than in the planktivore, herbivore and carnivore. 
This is consistent with previous research, where the organisms demonstrated lower 
concentrations compared to the lower trophic levels (Barwick and Maher, 2003) indicating 
biomagnification is unlikely. The reasons for high accumulation of copper in the lower 
organisms relates to the active uptake of copper utilised by the haemocyanin copper-based 
pigment present in the molluscs and crustacean (Barwick and Maher, 2003). Biotransference 
was present for the lower trophic organisms (Barwick and Maher, 2003; Connell and Miller, 
1984). Fish are reported to be more effective at regulating Cu concentrations than the lower 
trophic species (Barwick and Maher, 2003) and this could explain the lower concentrations 
observed. It can be assumed that biomagnification of Cu is unlikely across this food chain, but 
further investigation is necessary to confirm this. 
Iron 
Concentrations of Fe were predominantly highest in the planktivore, followed by the 
detritivore, carnivore and herbivore. The function for Fe is directly linked to the transportation 
of oxygen and energy release (Spaargaren, 1983). Therefore Fe concentrations are likely to be 
highly regulated by the species. Biomagnification is highly unlikely for this group of species.  
Lead 
Concentrations were reported highest in the lower trophic organisms and decreased going up 
the trophic levels. Biomagnification of Pb did not occur, which agrees with previous research 
(Ciardullo et al., 2008; Barwick and Maher, 2003). Ciardullo et al. (2008) reported that Pb was 
poorly absorbed through the digestive tract of Rainbow Trout. If the herbivore and carnivore 
exhibit similar characteristics, it might explain why biotransference does not appear to be 
happening. High proportion of Pb concentration is stored within the skeleton, and in both this 
research and Ciardullo et al. (2008) this was not accounted for when sampling the tissue, 
thereby not representing the total proportions of Pb present in the organism. 
Mercury 
Bioaccumulation was observed for the lower trophic species where biotransference appears to 
be occurring between the planktivore to detritivore to herbivore, but decrease slightly in the 
carnivore. The herbivore reported values marginally higher than those reported for the 
carnivore.  Mercury is widely accepted to biomagnify up food chains (Cairdullo et al., 2008; 





expected that the carnivore should have the highest concentrations, and as the difference 
between the herbivore and carnivore is only marginal, with more samples higher 
concentrations should be expected. One of the reasons for lower concentration for the carnivore 
could be the selection of the muscle tissue for sampling, with Cairdullo et al. (2008) reporting 
highest concentrations within the kidneys and gills.   
Zinc 
The concentration range for zinc reported a similar pattern across trophic levels as those 
reported by Barwick and Maher (2003) where levels were greatest in the planktivore, followed 
by detritous, herbivore and carnivore. No evidence for biotransfer of zinc can be inferred which 
is consistent with Barwick and Maher’s (2003) findings. Regulation of zinc concentrations by 
the fish species is highly likely due to the low concentrations, but further investigation into the 
whole tissue concentration for these species is necessary to make final conclusions (Barwick 
and Maher, 2003; Luoma and Rainbow, 2008). This agrees with Rodrigues dos Santos et al. 
(2006) findings, where accumulation in zinc was prevalent within the lower trophic levels, 
likely the result of bioaccumulation rather than biomagnification (Goodyear and McNeill, 1999). 
5.7 Limitations  
This research was limited by the number of samples which were able to be analysed, in 
particular, G. tricuspidata and P. fuscus.  Funding constraints limited the number of samples that 
could be analysed to 60 samples, including reference materials, duplicates and blanks. This 
number was allocated to oysters (n = 24), prawns (n = 22) and fish samples (n = 12) as the 
organisms consumed mostly whole were thought to be of greater health importance. The prawn 
and oyster numbers were higher to allow collection of enough samples for statistical 
comparison (at least 10) between sampling sites. As the fish are highly mobile, no comparison 
between sites was possible. Therefore, statistical analysis was limited to just S. commercialis and 
M. macleayi making an interpretation of correlations for the elements in the fish not possible. 
Toxicity for As is not best reflected solely the total concentrations, as was done in this study and 
past research on species from Lake Illawarra, as it depends on speciation (Hafey, 2000). 
Determining the speciation forms and the concentrations for each of the forms would produce 
more indicative results of the exposure and toxic to humans (Peshut et al., 2008). 
Not purging the oyster may have influenced the results within S. commercialis, as unassimilated 
food in the gut can have a substantial effect on return concentrations. Despite the simplicity of 
not depurating and relatively accurate measurements, it may still have influenced the 





Comparing muscle to whole tissue in an organism is not necessarily representative of the total 
concentration values found within the organisms, as was stated; different parts of the organism 
accumulate different concentrations (e.g. muscles compared with skeleton). Though the aim of 
this project was to determine the concentration of elements within the muscle tissue of the 
organisms M. macleayi, G. tricuspidata and P. fuscus, it limits the interpretation as to what is the 
total concentration of elements within the entire organism and how does it relate to the 
environment. It is also limiting to determining if a person were to eat more than just the muscle 







6. Conclusion and recommendations 
This chapter provides a brief description of the importance of this study and restates the aims 
described in Chapter 1. Conclusions are then formulated based on the information presented in 
the Results and Discussion. Recommendations for future research are then outlined, drawn 
mainly from the limitations described in Chapter 5.  
6.1 Conclusions 
This study has provided an account of the current concentrations of the elements As, Cd, Ca, Cu, 
Fe, Pb, Hg and Zn in the soft tissue of Sydney Rock Oyster, and the muscle tissue of School 
Prawns, Luderick and Dusky Flathead in Lake Illawarra. With reference to the aims reported in 
Section 1.6, a number of conclusions can be summarised: 
i. Concentrations for As, Cd, Fe, Pb, Hg and Zn demonstrated no major health risk are 
posed from consumption of these species. However, Cu concentrations were found 
to exceed recommended health standards in some samples from S. commercialis 
sampled from the entrance. Reasons for this were attributed to the size of the 
organism and contemporary contamination levels from the potential pollutant 
sources of the Tallawarra Power Station, Port Kembla Steelworks and the copper 
slag within the Windang Penninsula. Consequently, S. commercialis may need to be 
re-sampled to ensure accuracy of the results and eliminate the possibility of 
contamination. 
 
ii. Concentrations appear to be above the background levels indicating there is 
considerable contamination from the sources like the copper slag and the copper 
smelter. However, there does not appear to be increases in contamination when 
compared with past studies. Previous research into metal concentrations in the 
tissue of M. macleayi was limited in data making the capacity to contrast with the 
current project minimal, unless compared with different species. As the species is 
common, it highlights the need for more research to ensure no risk is posed by 
concentrations within other areas for this species. Concentrations for M. macleayi 
reflected similar concentrations to those in other estuaries around Austrialia, but 
were substantially smaller then China, India and Mexico. 
 
 
iii. Shell length was significantly longer at the entrance channel then oysters sampled at 
Lake Heights, and possible trends for Hg and Zn in S. commercialis and Cu in  





results may be the result of larger oysters sampled at the entrance. However, the 
size of the oyster is not necessarily indicative of the age. Due to the proximity to the 
copper slag in Windang Peninsula, this may be an influencing factor for the greater 
concentrations in Zn and Cu. Because M. macleayi are mobile organism, they are not 
necessary the most representative organism for site comparison, limiting the 
interpretation of site by these organisms. 
 
iv. All element concentrations across trophic levels did not reflect evidence for 
biotransference, however, it is likely occurring for Hg. A broader spectrum of species 
and number of samples is necessary to confirm this observation. 
There were a number of significant correlations between the elements for both  
S. commercialis and M. macleayi. Many of the relationships observed are likely the 
result of similar metabolic process however; the relationship between Cd and Ca 




The following are recommendations for future research: 
 The results for total arsenic in this study do not directly represent the portion of 
concentration that is toxic to humans. Therefore, an investigation into the different 
speciation forms of arsenic, in particular, inorganic arsenic, would help to differentiate 
the percentage of inorganic arsenic found within the marine food in Lake Illawarra and 
any health risk potential imposed by these concentrations. 
 As M. macleayi is a common species, and minimal literature was found on the 
contemporary concentrations of toxic substances within the tissue, further research is 
recommended to ensure levels are not posing risk to human health. 
 Sampling a broader spectrum of the ecosystem within Lake Illawarra would provide 
more representative biotransference model, such as selecting species like the seagrass 
species Zostera capricorni and the bivalve Anadara trapezia, and would provide for a 
better interpretation of results. This is idea in Lake Illawarra as it has a well-defined 
history on the contamination within the sediments, water column and the impact on the 
marine foods. 
 Sampling of oyster should include depuration of the species for at least 48 hours to 





 This study has provided baseline data for marine food species of importance in Lake 
Illawarra. This could be used for comparison with future data and it is recommended 
this be completed with the same species, sites and metals every 5 years to determine if 
the quality of foodstuffs from metals perspective is changing. 
 This study has focused on metals; other contaminants that have been found in marine 
foods include organochlorins and hydrocarbons. Collection of data for these compounds 
in Lake Illawarra would confirm they do not present any issues. 
 Finally, microbial contaminant of shellfish is a wide scale problem. No data was located 
in this study for microbial concentrations (e.g. faecal coliforms or enterococci) in Lake 










Adams, W.J., Blust, R., Borgmann, U., Brix, K.V., DeForest, D.K., Green, A.S., Meyer, J.S., McGeer, 
J.C., Paquin, P.R., Rainbow, P.S. and Wood, C.M. (2010) Utility of tissue residues for predicting 
effects of metals on aquatic organisms. Integrated Environmental Assessment and Management, 
7(1):75-98. 
Al-Yousf, M.H., El-Shahawi, M.S. and Al-Ghais, S.M. (2000) Trace metals in liver, skin and muscle 
of Lethrinus lenytjan fish species in relation to body length and sex. Science of the Total 
Environment, 256: 87-94. 
Amiard, J.C., Amiard-Triquet, C., Metayer, C., Marchand, J. and Ferre, R. (1980) Study of the 
transfer of Cd, Pb, Cu, and Zn in neritic and estuarine trophic chains. 1. The inner estuary of the 
Loire (France) in the summer of 1978. Water Resources, 14: 665-673. 
Anawar, H.H., Akai, J., Mostofa, K.M.G. , Safiullah, S., Tareq, S.M. (2002) Arsenic poisoning in 
groundwater: health risk and geochemical sources in Bangladesh. Environment International. 
27:597-604. 
Australian Government (2012) Australia New Zealand Food Standards Code- Standard 1.4.2 – 
Maximum Residue Limits (Australia Only). 
ANZECC and ARMCANZ (2000) Australian and New Zealand Guidelines for Fresh and Marine 
Water Quality. Australian and New Zealand Environment and Conservation Council and National 
Health and Medical Research Council, Canberra. 
Australia New Zealand Food Authority (ANZFA) (1998) Food Standards Code. Information 
Australia, Canberra. 
Ayling, G. M. (1974) Uptake of cadmium, zinc, copper, lead and chromium in the Pacific oyster, 
Crassostre gigas, grown in the Tamar River, Tasmania. Water Research, 8: 729-738. 
Baer, D.J., Judd, J.T., Clevidence, B.A. and Tracy, R.P. (2004) Dietary fatty acids affect plasma 
markers of inflammation in healthy men few controlled diets: A randomized crossover study. 
American Journal of Clinical Nutrition. 79(6):969-973. 
Barwick and Maher (2003) Biotransference and biomagnification of selenium copper, cadmium, 
zinc, arsenic and lead in a temperate seagrass ecosystem from Lake Macquarie Estuary, NSW, 
Australia. Marine Environmental Research. 56:471-502. 
Bayne,B.L. (2002) A physiological comparison between Pacific oysters Crassostrea gigas and 
Sydney Rock oysters Saccostrea glomerata: food, feeding and growth in a shared estuarine 
habitat. Marine Ecology Progress Series. 232:163-178. 
Baxter, C.N. and Daly, T.J. (2010) Ecological Changes in Lake Illawarra Following Completion of 
Entrance Works in 2007. Conference paper from the 19th NSW Coastal Conference. 
Bebbington, G.N. Mackay, N.J. Chvojka, R., Williams, R.J., Dunn, A. and Auty, E.H. (1977) Heavy 
metals, selenium and arsenic in nine species of Australian commercial fish. Australian Journal of 





Bell, J.D. and Pollard, D.A. (1989) Ecology of fish assemblages and fisheries associated with 
seagrass.  In Larkum, A.W.D., McComb, A.J. and Shephard, S.A. (Eds.), Biology of seagrasses. New 
York: Elsevier Science Publishing Company. 
Bernard, A. (2008) Cadmium and its adverse effects on human health. Indian Journal of Medical 
Research, 128:557-564. 
Biddinger, G.R. , & Gloss, S.G.(1984). The importance of trophic transfer in the bioaccumulation 
of chemical contaminants in aquatic ecosystems. Residue Reviews, 9:104–145. 
 
Boesch, D.F. and Turner, R.E.  (1984) Dependence of fishery species on salt marshes: the role of 
food and refuge. Estuaries, 7(4A): 460-468. 
Brown, P.L., Carolan, V.J., Hafey, D.J., Iku, M., Markich, S.J. and Morrison, R.J. (2004) Metals in fish 
and shellfish from Lake Illawarra, New South Wales, Australia. Wetland, 21 (2): 209-219. 
Cameron, G.A. and Pritchard, D.W. (1963) Estuaries. In: M.N. Hill (Editor), The Sea, vol. 2. Wiley 
Interscience, New York, pp. 306-324. 
Cameron, J. N. (1990) Unusual aspects of calcium metabolism in aquatic animals. Annual Review 
of Physiology, 52: 77–95. 
Canli, M. abd Alti, G. (2003) The relationship between heavy metal (Cd, Cr, Cu, Fe, Pb, Zn) levels 
and the size of six Mediterranean fish species. Environmental Pollution, 121: 129-136.  
Canuel, E.A. (2001) Relations between river flow, primary production and fatty acid 
composition of particulate organic matter in San Francisco and Chesapeake Bay: multivariate 
approach. Organic Geochemistry, 32: 563-583. 
Carolan, V. J. (1993) Environmental quality of Lake Illawarra as measured by the bioaccumulation 
of trace metals in the marine bivalve molluscs Anadara trapezia (Deshayes). BEnvSc Honours 
Thesis, University of Wollongong, 53 p. 
Chan, H.M., Scheuhammer, A.M., Ferran, A., Loupelle, C., Holloway, J. And Weech, S. (2003) 
Impacts of mercury on freshwater fish-eating wildlife and humans. Human and Ecological Risk 
Assessment, 9(4): 867-883. 
Chenall, B.E., Jones, B.G., Sloss, C.R., O’Donnel, M., Payne, M., Murrie, M., Garnett, D. and Waldron, 
H. (2004) Trace metals in sediments from Lake Illawarra, New South Wales, Australia. Wetlands, 
21(2): 198-208. 
Cho, B. and Hooker, N.H. (2009) Comparing food safety standards. Food Control, 20: 40-47. 
Ciardullo, S., Aureli, F., Coni, E., Guandalini, E., Iosi, F., Raggi, A., Rufo, G. and Cubadda, F. (2008) 
Bioaccumulation potential of dietary arsenic, cadmium, lead, mercury, and selenium in organs 
and tissues of Rainbow Trout (Oncorhyncus mykiss) as a function of fish growth. Journal of 
Agriculture and Food Chemistry, 56:2442-2451. 
Cirillo, T., Fasano, E., Viscardi, V., Arnese, A. And Amodio-Cocchieri, R. (2010) Survey of lead, 
cadmium, mercury and arsenic in seafood purchased in Campania, Italy. Food Additives and 





Coles, R.G. and Greenwood, J.G. (1983) Seasonal movement and size distribution of three 
commercially important Australian prawn species (crustacean: penaeidae) within an estuarine 
system. Australian Journal of Marine and Freshwater Research, 34: 727-743. 
Committee on Nutrient Relationships in Seafood (CNRS) (2007) (Contribution by); Yaktine, Ann 
L. (Editor); Nesheim, Malden C. (Editor). Seafood Choices: Balancing Benefits and Risks. 
Washington, DC, USA: National Academies Press, p 298. 
Connell, D.W. and Miller , G.J. (1984) Chemistry and ecotoxicology of pollution. New York: John 
Wiley and Sons. p. 222. 
Clarke, G.T. and Dooley, B.T. (2004) Management of Lake Illawarra. Wetlands (Australia), 
21(2):304-310. 
Dellagiacoma, T. (2011) Commentary: Standardising the enforcement of NSW fisheries 
management law. Australian Journal of Maritime and Ocean Affairs, 3(3):99-103. 
Dickman, M.D. and Leung, K.M.C. (1998) Mercury and organochlorine exposure from fish 
consumption in Hong Kong, Chemosphere, 37(5): 991-1015. 
Ellis, J., Kanamori, S. and Laird, P. G. (1977) Water pollution studies on Lake Illawarra I. Salinity 
variations and estimation of residence time. Australian Journal of Marine and Freshwater 
Resources, 30:467-477. 
Ekino, S., Susa, M., Ninomiya, T., Imamura, K. and Kitamura, T. (2007) Minamata disease 
revisited: An update on the acute and chronic manifestations of methyl mercury poisoning. 
Journal of the Neurological Sciences, 262: 131-144. 
Engle, V.D., Kurtz, J.C., Smith, L.M., Chancy, C. And Bourgeois, P. (2007) A classification of U.S. 
estuaries based on physical and hydrological attributes. Environmental Monitoring and 
Assessment, 129: 397-412.  
Farrington, J. W., Goldberg, E. D., Risebrough, R. W., Martin, J. H.and Bowen, V. T. (1983). US 
Mussel Watch 1976-1978; an overview of the trace-metal, DDE, PCB, hydrocarbon, and artificial 
radionuclide data. Environmental Science and Technology, 17: 490-496. 
 
FSANZ (2011) The 23rd Australian Total Diet Study, Canberra, accessed 7/10/2012, 
http://www.foodstandards.gov.au 
Gall, M. L., Poore, A. G. B. and Johnston, E. L. (2012) A biomonitoring as a measure of an 
ecologically-significant fraction of metals in an industrialized harbour. Journal of Environmental 
Monitoring, 14(3):830-838. 
Gillis, A.C. and Birch, G.F. (2006) Investigation of anthropogenic trace metals in sediments of 
Lake Illawarra, New South Wales. Australian Journal of Earth Sciences, 53:523-539. 
Goldberg, E. D., Bowen, V. T., Farrington, J. W., Harvey, G., Martin, J. H., Parker, P. L., Risebrough, 
R. W., Robertson, W., Schneider, E. and Gamble, E. (1978). The mussel watch. Environmental 






Goodyear, K. L. and McNeill, S. (1999) Bioaccumulation of heavy metals by aquatic macro-
invertebrates of different feeding guilds: a review. The Science of the Total Environment, 229(1-
2): 46-52. 
 
Goyer, R. A. (1997) Toxic and essential metal interactions. Annual Review of Nutrition, 17:37-50. 
 
Gray, C. A. (2004) An overview of commercial fishing in Lake Illawarra: trends in reported catch 
and effort, bycatch and discarding. Wetlands (Australia), 21(2):156-167. 
Gray, C.A. and Barnes, L.M. (2008) Reproduction and growth of dusky flathead (Platycephalus 
focus) in NSW estuaries. NSW Department of Primary Industries, Cronulla. 
Gray, C.A., Ives, M.C., Macbeth, W.G. and Kendall, B.W. (2010) variation in growth, mortality, 
length and age compositions of harvested populations of the herbivorous fish Girella 
tricuspidata. Journal of Fish Biology, 76:880-899. 
Griscom, S. B., Fisher, N. S. and Luoma, S. N. (2002) Kinetic modelling of Ag, Cd and Co 
bioaccumulation in the clam Macoma balthica: quantifying dietary and dissolved sources. 
Marine Ecology Progress Series, 240:127-141. 
Han, B. -C. And Hung, T. –C. (1990) Green oysters caused by copper pollution on the Taiwan 
coast. Environmental Pollution, 65: 347-362. 
Hafey, D.J. (2000) An investigation into metal concentrations found in selected biota, sediments 
and waters from five south coast estuaries. BEnvSc Honours Thesis, University of Wollongong, 69 
p. 
Hare, L. A., Campbell, P. G. C., Tessier, A. And Belzile, N. (1989) Gut sediments in a burrowing 
mayfly (Ephemeroptera, Hexagenia limbata): their contribution to animal trace element 
burdens, their removal, and the efficiency of a correction for their presence. Canadian Journal of 
Fisheries and Aquatic Science, 46:451-456. 
Henry, G.W. and Lyle, J.M. (ed.)(2003) The National Recreational and Indigenous Fishing Survey. 
Final Report to the Fisheries Research and Development Corporation and the Fisheries Action 
Program Project FRDC 1999/158. NSW Fisheries Final Report Series No. 48. 188 pp. Cronulla, 
NSW Fisheries. 
Howley, C. Morrison, J.R. and West, R.J. (2004) Accumulation of metals by the seagrass,  
Z. capricorn in Lake Illawarra. Wetlands, 21(2):138-151. 
Jafari, Y. (2009) Trace metal contamination of soils and sediments in the Port Kembla area, New 
South Wales, Australia. Master of Environmental Science- Research Thesis, School of Earth and 
Environmental Sciences – Faculty of Science, University of Wollongong, 
http://ro.uow.edu.au/thesis/3133. 
Kirby, J and Maher, W. (2002) Tissue accumulation and distribution of arsenic compounds in 






Lanzing, W.J.R. and O’Connor, P.F. (1975) Infestation of Luderick (Girella tricuspidata) 
populations with parasitic isopods. Australian Journal of Marine and Freshwater Resources, 
26:355-361. 
Lotze, H.K., Lenihan, H.S., Bourque, B.J., Bradbury, R.H., Cooke, R.G., Kay, M.C., Kidwell, S.M., 
Kirby, M.X., Peterson, C.H. and Jackson, J.B.C. (2006) Depletion, degradation, and recovery 
potential of estuaries and coastal seas. Science. 312:1806-1809. 
Luoma, S.N. and Rainbow, P.S. (2008) Metal Contamination in Aquatic Environments: Science and 
Lateral Management. Cambridge University Press, New York. 
Lytle, T. F. And Lytle, J. S. (1990) Heavy metals in the eastern oyster, Crassostrea virginica, of the 
Mississippi Sound. Bulletin of Environmental Contamination and Toxicology, 44: 142–148. 
Mackay, N. J., Williams, R. J., Kacprzac, J.L., Kazacos, M. N., Collins, A. J. and Auty, E. H. (1975) 
Heavy metals in cultivated oysters (Crassostrea commercialis = Saccostrea cucullata) from the 
estuaries of New South Wales. Australian Journal of Marine and Freshwater Research, 26: 31-46. 
Maher, W., and Batley, G.E. (1990) Organometallics in the nearshore marine environment of 
Australia. Applied Organometallic Chemistry, 4(5): 419-435. 
Muralidharan, S., Thompson, E., Raftos, D., Birch, G. And Haynes, P.A. (2012) Quantitative 
proteomics of heavy metal stress responses in Sydney rock oysters. Proteomics. 12:906-921. 
McKinley, A.C., Taylor, M.D. and Johnston, E.L. (2012) Relationships between body burdens of 
trace metals (As, Cu, Fe, Hg, Mn, Se, and Zn) and the relative body size of small tooth flounder 
(Pseudorhombus jenynsii). Science of the Total Environment, 423: 84-94. 
McLusky, D.S and Elliot, M. (2004) The Estuarine Ecosystem- Ecology, Threats, and Management, 
Third Edition, Oxford University Press, United States. 
National Heritage Trust (2002) Australian Catchment, River and Estuary Assessment 2002. 
National Land and Water Resources Audit, (1). 
Nriagu, J. O. (1988) A silent epidemic of environmental metal poisoning? Environmental 
Pollution, 50: 139-161. 
NSW (1974) National Parks and Wildlife Act 1974. New South Wales 
NSW State (2006) NSW Oyster Industry Sustainable Aquaculture Strategy. NSW Department of 
Primary Industries. 
O’Donnell, M., Yassini, I., Taylor, E.J. and Morrison, R.J. (2004) Water quality in the Lake 
Illawarra catchment. Wetlands, 21(2): 253-272. 
Oku, M. (2001) Metal levels in the tissue of aquatic organisms from estuaries on the south coast of 
New South Wales, Australia. Implications for the use of biomonitors and human health impact. 
BEnvSc Honours Thesis, University of Wollongong, 78 p. 
Ong Che, R.G. and Cheung, S.G. (1998) Heavy metals in Metapenaeus ensis, Eriocheir sinesis and 





Pan, K. and Wang, W. –X. (2012) Trace metal contamination in estuarine and coastal 
environments. Science of the Total Environment, 421-422:3-16. 
Paterson, K.J., Schrieder, M.J. and Zimmerman, K.D. (2003) Anthropogenic effects on seston 
quality and quantity and the growth and survival of the Sydney Rock Oyster (Saccostrea 
glomerata) in two estuaries in NSW, Australia. Aquaculture, 221: 407- 426. 
Payne, M., Chenall, B.E.., Murrie, M. and Jones, B.G. (1997) Spatial variation of sediment-bound 
zinc, lead, copper and rubidium in Lake Illawarra, a coastal lagoon in eastern Australia. Journal 
of Coastal Research, 13(4): 1181-1191. 
Pearson, B. (1993) Bioaccumulation of heavy metals in the Sydney Rock Oyster, Saccostera 
commercialis (Iredale & Roughley). Master of Science- Research Thesis, School of Biological and 
Biomedical Sciences- Department of Applied Biology. University of Technology, Sydney.  
Peshut, P.J. and Brooks, B.A. (2005) Tier 2 Toxicity Study Chemical Contaminants in Fish and 
Shellfish and Recommended Consumption Limits for Territory of American Samoa. American 
Samoa Environmental Protection Agency, Pago Pago. 
Peshut, P.J., Morrison, J.R. and Brooks, B.A. (2008) Arsenic speciation in marine fish and shellfish 
form American Samoa. Chemosphere, 71: 484-492. 
Pѐrez-Ruzafa, A., Marcos, C., Pѐrez-Ruzafa, I.M. and Pѐrez-Marcos, M. (2011) Coastal lagoons: 
“transitional ecosystems” between transitional and coastal waters. Journal of Coastal 
Conservation, 15(3):369-392. 
Phillips, D.J.H. (1980) Quantitative Aquatic Biological Indicators: Their Use to Monitoring Trace 
Metal and Organochlorine Pollution. Applied Science Publishers LTD, Ripple Road, Essex, 
England. 
Pourang, N., Dennis, J.H. amd Ghourchain, H. (2004) Tissue distribution and redistribution of 
trace elements in shrimp species with the emphasis on the roles of metallothionein. 
Ecotoxicology, 13: 519-533. 
Presely, B. J., Taylor, R. J. and Boothe, P. N. (1990) Trace metals in Gulf of Mexico oysters. Science 
of the Total Environment, 97/8: 551 – 593. 
Rainbow, P.S., (1990) Heavy metal levels in marine invertebrates. In Heavy metals in the 
marine environment (ed. R.W. Furness and P.S. Rainbow), pp. 67-79. Boca Raton, Florida: CRC 
Press. 
 
Rainbow, P.S., 1993. The significance of trace metal concentrations in marine invertebrates. In 
Ecotoxicology of metals in invertebrates (ed. R. Dallinger and P.S. Rainbow), pp. 3-23, Boca Raton, 
Florida: Lewis Publishers. 
 
Rainbow, P.S. (1997) Trace metal accumulation in marine invertebrates: marine biology or 






Rainbow, P.S. and White, S.L. (1989) Comparative strategies of heavy metal accumulation by 
crustaceans: zinc, copper and cadmium in a decapod, an amphipod and a barnacle. 
Hydrobiologia, 174: 245-262. 
 
Rebouças do Amaral, M. C., Rebelo, M.F., Torres, J.P.M. and Pfeiffer, W.C. (2005) Bioaccumulation 
and depuration of Zn and Cd in mangrove oysters (Crassostrea rhizophorae, Guilding, 1828) 
transplanted to and from a contaminated tropical coastal lagoon. Marine Environmental 
Research, 59: 277-285. 
 
Roach, A.C., Maher, W., and Krikowa, F. (2008) Assessment of metals in fish from Lake 
Macquarie, New South Wales, Australia. Archive of Environmental Contamination and Toxicology. 
54:292-308. 
 
Robinson, W.A., Maher, W.A., Kirkowa, F., Nell, J. A. and Hand, R. (2005) The use of the oyster 
Saccostrea glomerata as a biomonitor of trace metal contamination: intra-sample, local scale 
and temporal variability and its implications for biomonitoring. Journal of Environmental 
Monitoring, 7: 208-223. 
Rodrigues dos Santos, I., Silva-Filho, E.M., Schaefer, C., Sella, S.M., Silva, C.A., Gomes, V., Jose de 
A.C.R. Passos, M. and Ngan, P.V. (2006) Baseline mercury and zinc concentrations in terrestrial 
and coastal organisms of Admiralty Bay, Antarctica. Environmental Pollution, 140: 304-311. 
Rowling, K., Hogarty, A. And Ives, M. (ed.) (2010) Status of Fisheries resources in NSW 2008/09. 
Industry & Investment NSW, Cronulla: 392pp. 
Ruangwises, S. and Ruangwises (2011) Concentrations of total and inorganic arsenic in fresh 
fish, molluscs, and crustaceans from the Gulf of Thailand. Journal of Food Protection, 74(3): 450-
455. 
Ruello, N.V. (1973) Burrowing, feeding, and spatial distribution of the School Prawn 
Metapenaeus macleay (Haswell) in the Hunter River region, Australia. Journal of Experimental 
Marine Biology and Ecology, 13: 189-206. 
Rutten, K., Morrison, R.J. and West, R.J. (2004) Macroalgae in Lake Illawarra, New South Wales, 
Australia. Wetlands. 21(2):103-114. 
Scanes, P.R. (1997) Uptake and depuration of organochlorine compounds in Sydney rock oyster 
(Saccostrea commercialis). Marine and Freshwater Research. 48:1-6. 
Scanes, P.R. and Roach, A.C. (1999) Determining natural ‘background’ concentrations of trace 
metals in oysters from New South Wales, Australia. Environmental Pollution, 105(3):437-446. 
Sherman, B., Ford, P., Webster, I., Morrison, J. and West, R. (2000) Lake Illawarra Data 
Compilation and Assessment Report. CSIRO Land & Water Consultancy Report #99-75. Lake 
Illawarra Authority.  
Sloss, C.R., Jones, B.G. and Murray-Wallace, C.V. (2004) Litho- and chronostratigraphy of 






Sloss, C.R., Jones, B.G., Brooke, B.P., Heijnis, H. And Murray-Wallace, C.V. (2011) Contrasting 
sedimentation rates in Lake Illawarra and St Georges Basin, two large barrier estuaries on the 
southeast coast of Australia. Journal of Paleolimnology. 46(4):561-577. 
Spaargaren, D.H. (1983) Osmotically induced changes in copper and iron concentrations in 
three euryhaline crustacean species. Netherlands Journal of Sea Research, 17(1):96-105. 
Stephens, R. and Imberger, J. (1996) Dynamics of the Swan River estuary: the seasonal 
variability. Marine and Freshwater Resources. 47:517-29. 
Szefer, P., Ikuta, K., Kushiyama, S., Frelek, K. And Geldon, J. (1997) Distribution of trace metals in 
the Pacific oyster, Crassostrea gigas, and crabs from the east coast of Kyushu Island, Japan. 
Bulletin of Environmental Contamination and Toxicology. 58:108-114. 
Tong, S., von Schirnnding, Y.E. and Prapamontol, T. (2000) Environmental lead exposure: a 
public health problem of global dimensions. Bulletin of the World Health Organization, 78(9): 
1068-1077. 
Treloar, D., Taylor, D. and Clarke, G. (2004) Geomorphological modelling of entrance 
improvement options- Lake Illawarra. Wetlands, 21(2): 84-92. 
Turner, A. and Millward, G.E. (2002) Suspended particles: their role in estuarine biogeochemical 
cycles. Estuarine, Coastal and Shelf Science. 55: 857-883. 
U.S. Department of Health and Human Services (2011) Fish and Fishery Products Hazards and 
Controls Guidance Fourth Edition. Food and Drug Administration. 
USFDA (1993) Guidance Document for Arsenic in Shellfish. Food and Drug Adminstration, US 
Department of Health and Human Services, Washington, D.C. 
Waltham, N.J., Teasdale, P.R. and Connolly, R.M. (2011) Contaminants in water, sediment and 
fish biomonitoring species from natural and artificial estuarine habitats along the urbanized 
Gold Coast, Queensland. Journal of Environmental Monitoring, 13:3409-3419. 
Wang, W.-X. (2002) Interactions of trace metals and different marine food chains. Marine 
Ecology Progress Series,. 243:295 – 309. 
Ward, J.E. and Shumway, S.E. (2004) Separating the grain from the chaff: particle selection in 
suspension and deposit-feeding bivalves. Journal of Experimental Marine Biology and Ecology, 
300(1-2):83-130. 
Weisburger JH. 1997. Dietary fat and risk of chronic disease: Mechanistic insights from 
experimental studies. Journal of the American Dietetic Association. 97(Suppl 7):S16– S23. 
White, I. (2001) Safeguard Environmental Conditions for Oyster Cultivation in New South 
Wales. Centre for Resource and Environmental Studies, Australian National University. Report 
Widmeyer, J.R. and Bendall-Young, L.I. (2008) Heavy metal levels in suspended sediments, 






Wilson, J.G. (2002) Productivity, fisheries and aquaculture in temperate estuaries. Estuarine, 
Coastal and Shelf Science, 55:953-967. 
Woodroffe, C. D. (2003) Coasts- Form, process and evolution. United States of America, 
Cambridge University Press, New York. 
World Bank (2007) Cost of pollution in China: economic estimates of physical damages. Beijing, 
p. 11-12. 
World Health Organisation (WHO) (2002) WHO global strategy for food safety: safer food for 
better health. Geneva, Switzerland. 
Wright, D.A. (1995) Trace metals and major ion interactions in aquatic animals. Marine Pollution 
Bulletin, 31(1-3): 8-18. 
Wright, D. A., Milhursky, J. A. And Phelps, H. L. (1985) Trace metals in Chesapeake Bay oysters: 
intra-sample variability and it implication for biomonitoring. Marine Environmental Research, 
16: 191-197. 
Yassini, I. (2004) Pulsative discharge of dissolved metals from copper slag emplacements into 
the wingding unconfined sandy aquifer adjacent to Lake Illawarra. Wetlands, 21(2): 253-272. 
Ye, F., Huang, X., Zhang, X., Zhang, D., Zeng, Y. And Tian, L. (2012) Recent oxygen depletion in the 
Pearl River Estuary, South China: geochemical and microfaunal evidence. Journal of 
Oceanography,  68:387-400. 
Yokel, R.A., Lasley, S.M. and Dorman, D.C. (2006) The speaciation of metals in mammals 
influences their toxicokinetics and toxicodynamics and therefore human health risk 
assessments. Journal of Toxicology and Environment Health, Part B, 9:63-85. 
Yusof, A. M., Yanta, N. F. And Wood, A. K. H. (2004) The use of bivalves as bio-indicators in the 
assessment of marine pollution along a coastal area. Journal of Radioanalytical and Nuclear 






  Data references 
Arc World Suppliment © ESRI 2008 
 
NSW Landuse v1 © NSW Department of Environment, Climate Change & Water 2010 
 
NSW LPMA aerial imagery 2004 © NSW Land and Property Management Authority 2004 




















































1 8.5 6 3.5 69.3304 8.101 0.66 12 2.4 27900 250 83 0.28 0.04 1910 
2 8 4 2.5 50.909 8.29 0.77 14 2.2 7890 140 78 0.28 0.02 2020 
3 6.5 4 2.2 41.115 6.54 0.72 15 1.9 41500 150 110 0.84 0.05 1850 
4 9.5 4.5 3 56.308 5.026 0.67 14 4.4 9540 190 170 0.43 0.06 2810 
5 8.6 5.2 3.7 60.38 8.092 1.22 12 3.1 19800 330 120 0.51 0.04 2880 
6 7.6 4.6 3.4 39.595 5.245 1.56 11 4 19300 250 87 0.33 0.02 2350 
7 8 5.5 2.5 32.276 4.272 0.57 17 2 22400 120 210 0.76 0.05 1450 
8 7.5 5 2 38.968 4.919 0.59 17 1.9 3870 130 120 0.52 0.03 1600 
9 7.8 5.5 3 54.766 8.903 0.9 11 2.1 2700 190 67 0.21 0.03 1900 
10 8 5 2.8 45.465 5.532 0.62 17 3.3 8460 260 190 0.46 0.07 2630 
11 8.3 4 3 47.345 6.75 1.03 17 3.3 12500 200 150 0.44 0.05 2630 
12 8.5 5 3 45.349 7.13 1.35 11 3.9 27700 380 170 0.66 0.07 3450 
mean 8.07 4.86 2.88 48.48 6.57 0.89 14 2.88 16963 215.8 129.6 0.48 0.04 2290 
std. dev 0.73 0.65 0.51 10.4 1.56 0.33 2.56 0.91 11617 81.2 47.6 0.2 0.02 599 
max 9.5 6 3.7 63.33 8.9 1.56 17 4.4 41500 380 210 0.84 0.07 3450 








































1 6.5 5 3.5 52.155 9.54 1.53 12 1.6 10600 150 52 0.32 <0.01 1510 
2 6 4.3 2.8 34.074 4.46 1.11 11 1.7 3140 160 79 0.17 0.01 1570 
3 6.5 5.8 2.8 36.091 4.91 0.72 12 3.6 28600 330 130 0.45 0.05 2860 
4 7 4.8 3 45.664 10.04 0.83 19 2.2 22600 210 170 0.52 0.06 2040 
5 7.5 5 3.5 49.838 7.16 1.15 12 2.7 14500 300 91 0.35 0.03 2910 
6 6.5 4.5 2 41.199 7.00 0.95 11 1.8 3680 160 73 0.21 0.01 1370 
7 6.5 6 2.5 51.731 6.70 0.95 12 2.7 10100 180 100 0.28 0.02 1570 
8 7.5 3.5 2.8 47.984 5.93 0.46 11 2.6 14100 120 110 0.58 0.03 1100 
9 9 4 2.5 46.167 4.96 1.44 14 2 8520 200 84 0.23 0.03 1660 
10 7.5 5 3 42.055 5.32 0.61 13 3 11200 310 110 0.31 0.04 2410 
11 8.5 5 4 70.312 11.74 0.61 18 2.1 16500 130 160 0.53 0.04 1510 
12 7 4.9 2.6 38.306 6.02 0.59 18 2.2 13700 130 170 0.53 0.04 1550 
mean 7.17 4.82 2.92 46.30 6.98 0.91 13.58 2.35 13103 198 110.75 0.37 0.03 1838 
std. dev 0.89 0.69 0.54 9.62 2.30 0.34 3.00 0.59 7218 75 39.22 0.14 0.02 588 
max 9.00 6.00 4.00 70.31 11.74 1.53 19.00 3.60 28600 330 170.00 0.58 0.06 2910 


























1 5.05 1.38 19 0.12 13100 24 16 0.3 <0.01 63 
2 1.56 0.37 14 0.09 13500 18 22 0.11 <0.01 58 
3 4.55 1.12 19 0.06 4190 48 6.4 0.06 <0.01 68 
4 1.92 0.46 17 0.03 4720 22 11 0.08 <0.01 59 
5 3.54 1.06 40 0.04 12900 25 41 0.06 0.02 64 
6 2.48 0.56 27 0.03 4340 22 6.6 0.05 <0.01 57 
7 6.44 2.04 17 0.04 8880 30 7.2 0.06 <0.01 73 
8 3.34 0.93 15 0.02 5040 22 5 0.04 <0.01 70 
9 6.17 1.57 26 0.03 2140 35 4.8 0.06 0.01 72 
10 3.76 0.93 26 0.01 2810 29 5.5 0.04 <0.01 61 
11 2.03 0.41 55 0.05 1700 48 61 0.21 0.03 64 
12 0.96 0.25 54 0.11 43300 26 11 0.07 0.01 56 





std. dev 1.79 0.55 14.53 0.04 11442 9.89 17.5 0.08 0.01 5.88 
max 6.44 2.04 55.00 0.12 43300 48.0 61.0 0.30 0.03 73.0 



























1 3.32 0.65 30 0.06 5650 24 22 1.3 0.01 65 
2 1.68 0.45 30 0.08 4570 16 35 0.32 <0.01 55 
3 4.81 1.42 10 0.03 5790 18 56 0.08 <0.01 62 
4 1.72 0.46 12 0.02 2810 19 12 0.08 <0.01 52 
5 4.51 1.21 12 0.03 8690 31 7.6 0.06 <0.01 58 
6 1.66 0.43 29 0.08 30700 16 20 0.08 0.01 52 
7 3.7 0.57 25 0.03 4180 39 8.5 0.1 0.01 66 
8 2.51 0.65 21 0.02 4300 24 11 0.06 <0.01 58 
9 5.64 1.76 26 0.03 9070 24 8.2 0.09 0.01 62 
10 2.79 0.86 25 0.02 5980 19 5.9 0.1 <0.01 63 
mean 3.23 0.85 22.00 0.04 8174 23.00 18.62 0.23 0.01 59.3 
std. dev 1.42 0.46 7.86 0.02 8152 7.29 15.90 0.38 <0.01 5.10 
max 5.64 1.76 30.00 0.08 30700 39.00 56.00 1.30 0.01 66.0 































1 418.48 29.2 12.27 3.13 3.5 <0.01 2520 1.1 13 0.03 0.1 43 
2 613.16 32.5 14.48 3.35 12 <0.01 1870 0.86 7.3 0.02 0.2 39 
3 473.85 30.3 20.66 4.81 2.1 <0.01 1150 0.95 5.1 0.04 0.03 31 
4 693.53 35.2 16.84 3.29 2.5 0.02 6800 1 13 0.04 0.3 37 





6 401.87 28.5 16.6 4.37 10 <0.01 2290 0.67 5.2 0.02 0.02 36 
mean 515.3 31.2 16.7 3.94 7.35 0.02 2885 0.87 8.00 0.03 0.11 36.5 
std. dev 114.8 2.4 3.06 0.76 5.27 0.01 1995 0.19 3.99 0.01 0.11 4.28 
max 693.5 35.2 20.7 4.81 14.00 0.02 6800 1.10 13.00 0.04 0.30 43 































1 767.68 48.6 14.14 3.65 3.2 <0.01 3780 0.55 12 0.01 0.05 42 
2 675.6 47.9 17.48 4.4 3.9 <0.01 3870 0.6 13 0.02 0.05 47 
3 473.83 42.5 12.88 2.87 9.3 <0.01 3220 0.57 4.3 0.02 0.04 37 
4 629.93 44.5 19.4 4.83 3.1 <0.01 1420 0.66 4.2 0.01 0.07 28 
5 792.3 49.5 19.83 4.77 3.3 <0.01 1320 0.58 3.4 0.01 0.07 35 
6 722.29 47.5 18.06 4.74 3.8 <0.01 5390 0.58 38 0.02 0.04 27 
mean 676.9 46.8 17.0 4.21 4.43 - 3167 0.59 12.5 0.02 0.05 36 
std. dev 115.8 2.68 2.84 0.79 2.41 - 1567 0.04 13.2 0.01 0.01 7.8 
max 792.3 49.5 19.8 4.83 9.30 - 5390 0.66 38.0 0.02 0.07 47 
min 473.8 42.5 12.9 2.87 3.10 - 1320 0.55 3.40 0.01 0.04 27 
* Wet tissue weight was determined using the mean dry/wet weight ratio. The dry/wet weight ratio was determined by dividing dry tissue samples with the wet 
tissue samples individually. The samples which were not recorded for wet weight (e.g. the prawns from Griffins Bay samples 6 and 8) wet weights were multiplied 































1 0.08 0.98 0.20 2273 20.37 6.76 0.02 <0.01 155.61 
2 0.09 1.30 0.20 733 13.00 7.24 0.03 0.01 187.62 
3 0.11 1.65 0.21 4569 16.51 12.11 0.09 <0.01 203.67 
4 0.13 1.87 0.59 1272 25.33 22.66 0.06 <0.01 374.59 
5 0.15 1.81 0.47 2985 49.75 18.09 0.08 <0.01 434.21 
6 0.30 3.27 1.19 5740 74.36 25.88 0.10 <0.01 698.95 
7 0.13 2.27 0.27 2989 16.01 28.02 0.10 <0.01 193.47 
8 0.12 2.04 0.23 464 15.59 14.39 0.06 <0.01 191.91 
9 0.10 1.11 0.21 273 19.21 6.77 0.02 <0.01 192.07 
10 0.11 1.91 0.37 948 29.14 21.29 0.05 <0.01 294.76 
11 0.15 2.59 0.50 1907 30.52 22.89 0.07 <0.01 401.32 
12 0.19 2.08 0.74 5245 71.95 32.19 0.12 0.01 653.23 
mean 0.14 1.91 0.43 2450 31.81 18.19 0.07 - 332 
std. dev 0.06 0.64 0.30 1890 21.71 8.72 0.03 - 187 
max 0.30 3.27 1.19 5740 74.36 32.19 0.12 - 699 




















wt.) Hg (wet wt.) 
Zn (wet 
wt.) 
1 0.16 1.92 0.26 1700 24.05 8.34 0.05 <0.01 242.12 
2 0.25 2.74 0.42 782 39.86 19.68 0.04 <0.01 391.09 
3 0.15 1.76 0.53 4193 48.38 19.06 0.07 <0.01 419.30 
4 0.08 1.57 0.18 1869 17.37 14.06 0.04 <0.01 168.71 





6 0.14 1.50 0.24 501 21.77 9.93 0.03 <0.01 186.38 
7 0.14 1.70 0.38 1433 25.53 14.19 0.04 <0.01 222.71 
8 0.08 0.85 0.20 1094 9.31 8.54 0.05 <0.01 85.39 
9 0.29 4.06 0.58 2472 58.03 24.37 0.07 <0.01 481.64 
10 0.11 1.49 0.34 1283 35.53 12.61 0.04 <0.01 276.18 
11 0.05 0.93 0.11 857 6.75 8.31 0.03 <0.01 78.43 
12 0.10 1.76 0.22 1343 12.75 16.67 0.05 <0.01 151.96 
mean 0.14 1.85 0.33 1655 28.96 14.20 0.05 - 264 
std. dev 0.07 0.85 0.15 997 16.84 5.09 0.01 - 143 
max 0.29 4.06 0.58 4193 58.03 24.37 0.07 - 482 



















wt.) Hg (wet wt.) 
Zn (wet 
wt.) 
1 0.27 5.19 0.03 3580 6.56 4.37 0.08 <0.01 17.22 
2 0.24 3.32 0.02 3202 4.27 5.22 0.03 <0.01 13.76 
3 0.25 4.68 0.01 1031 11.82 1.58 0.01 <0.01 16.74 
4 0.24 4.07 0.01 1131 5.27 2.64 0.02 <0.01 14.14 
5 0.30 11.98 0.01 3863 7.49 12.28 0.02 <0.01 19.16 
6 0.23 6.10 0.01 980 4.97 1.49 0.01 <0.01 12.87 
7 0.32 5.39 0.01 2813 9.50 2.28 0.02 <0.01 23.12 
8 0.28 4.18 0.01 1403 6.13 1.39 0.01 <0.01 19.49 
9 0.25 6.62 0.01 545 8.91 1.22 0.02 <0.01 18.32 
10 0.25 6.43 <0.01 695 7.17 1.36 0.01 <0.01 15.09 
11 0.20 11.11 0.01 343 9.69 12.32 0.04 <0.01 12.93 
12 0.26 14.06 0.03 11276 6.77 2.86 0.02 <0.01 14.58 
mean 0.26 6.93 0.01 2572 7.38 4.08 0.02 - 16.5 
std. dev 0.03 3.49 0.01 3013 2.23 4.03 0.02 - 3.14 
max 0.32 14.06 0.03 11276 11.82 12.32 0.08 - 23.1 






















wt.) Hg (wet wt.) 
Zn (wet 
wt.) 
1 0.20 5.87 0.01 1106 4.70 4.31 0.25 <0.01 12.73 
2 0.27 8.04 0.02 1224 4.29 9.37 0.09 <0.01 14.73 
3 0.30 2.95 0.01 1709 5.31 16.53 0.02 <0.01 18.30 
4 0.27 3.21 0.01 752 5.08 3.21 0.02 <0.01 13.91 
5 0.27 3.22 0.01 2331 8.32 2.04 0.02 <0.01 15.56 
6 0.26 7.51 0.02 7952 4.14 5.18 0.02 <0.01 13.47 
7 0.15 3.85 <0.01 644 6.01 1.31 0.02 <0.01 10.17 
8 0.26 5.44 0.01 1114 6.22 2.85 0.02 <0.01 15.02 
9 0.31 8.11 0.01 2830 7.49 2.56 0.03 <0.01 19.35 
10 0.31 7.71 0.01 1843 5.86 1.82 0.03 <0.01 19.42 
mean 0.26 5.59 0.01 2151 5.74 4.92 0.05 - 15.3 
std. dev 0.05 2.16 0.01 2152 1.35 4.70 0.07 - 3.00 
max 0.31 8.11 0.02 7952 8.32 16.53 0.25 - 19.4 

















wt.) Hg (wet wt.) 
Zn (wet 
wt.) 
1 0.26 0.89 <0.01 643 0.28 3.32 0.01 0.03 10.97 
2 0.23 2.78 <0.01 433 0.20 1.69 0.00 0.05 9.02 
3 0.23 0.49 <0.01 268 0.22 1.19 0.01 0.01 7.22 
4 0.20 0.49 <0.01 1329 0.20 2.54 0.01 0.06 7.23 
5 0.24 3.39 <0.01 649 0.15 1.07 0.00 0.01 7.99 
6 0.26 2.63 <0.01 603 0.18 1.37 0.01 0.01 9.48 
mean 0.24 1.78 - 654 0.20 1.86 0.01 0.02 8.65 
std. dev 0.02 1.30 - 362 0.04 0.89 <0.01 0.02 1.46 
max 0.26 3.39 - 1329 0.28 3.32 0.01 0.06 11.0 





















wt.) Hg (wet wt.) 
Zn (wet 
wt.) 
1 0.26 0.83 <0.01 976 0.14 3.10 <0.01 0.01 10.84 
2 0.25 0.98 <0.01 974 0.15 3.27 0.01 0.01 11.83 
3 0.22 2.07 <0.01 717 0.13 0.96 <0.01 0.01 8.24 
4 0.25 0.77 <0.01 354 0.16 1.05 <0.01 0.02 6.97 
5 0.24 0.79 <0.01 318 0.14 0.82 <0.01 0.02 8.42 
6 0.26 1.00 <0.01 1415 0.15 9.97 0.01 0.01 7.09 
mean 0.25 1.07 - 792 0.15 3.19 - 0.01 8.90 
std. dev 0.01 0.50 - 419 0.01 3.50 - - 2.00 
max 0.26 2.07 - 1415 0.16 9.97 - 0.02 11.8 

















Table 15 Element concentrations in the species S. commercialis, M. macleayi, G. tricuspidata and P. focus from Lake Illawarra and ANZFA (1992) Food 







concentration dry wt. 








wt. mg/kg ± S.D. 
ANZFA 
MPC mg/kg 








S. commercialis  
(Entrance Channel) 11.0 - 17.0 14.0 ± 2.56 0.98 - 3.27 1.91 ± 0.64 N/A * 
 
S. commercialis  
(Griffins Bay) 11.0 - 19.0 13.6 ± 3.00 0.85 - 4.06 1.85 ± 0.85 N/A * 
 
M. macleayi  
(Entrance Channel) 14.5  - 55.0 27.4 ± 14.5 3.32 – 14.1 6.93 ± 3.49 N/A * 
 
M. macleayi  
(Griffins Bay) 10.0 - 30.0 22.0 ± 7.86 2.95 - 8.11 5.59 ± 2.16 N/A * 
 
G. tricuspidata 2.10 – 14.0 7.35 ± 5.27 0.49  - 3.37 1.78 ± 1.30 N/A * 
 
P. fucus 3.10 - 9.30 4.43 ± 2.41 0.22 – 2.07 1.07 ± 0.01 N/A * 
Cadmium 
 
        2 
 
S. commercialis  






S. commercialis  
(Griffins Bay) 1.6 - 3.6 2.35 ± 0.59 0.11 - 0.58 0.33 ± 0.15 Yes 
 
M. macleayi  
(Entrance Channel) 0.01 - 0.12 0.05 ± 0.04 <0.01 - 0.03 0.01 ± <0.01 Yes 
 
M. macleayi 
 (Griffins Bay) 0.02 - 0.08 0.04 ± 0.02 <0.01 - 0.02 0.01 ± <0.01 Yes 
 
G. tricuspidata 0.01 - 0.02 0.02 ± 0.01 <0.01 <0.01 Yes 
 
P. fucus <0.01 <0.01 <0.01 <0.01 Yes 
Calcium 
 
          
 
S. commercialis  
(Entrance Channel) 2 700 – 41 500 16 963  ± 11 617 273 – 5 740 2 450 ± 1 890 
 
 
S. commercialis  
(Griffins Bay) 3 140 – 28 600 13 103 ± 7 218 501 – 4 193 1 655 ± 997 
 
 
M. macleayi  
(Entrance Channel) 1 700 – 43 300 9 718 ± 11 442 343 – 11 276 2 572 ± 3 013 
 
 
M. macleayi  
(Griffins Bay) 2 810 – 30 700 8 174 ± 8 152 644 – 7 957 2 151 ± 2 152 
 
 
G. tricuspidata 1 150 – 6 800 2 885 ± 1 995 268 – 1 329 654 ± 362 
 
 
P. fucus 1 320 – 5 390 3 167 ± 1 567 318 – 1 415 792 ± 419 
 Copper 
 
        70 
 
S. commercialis  
(Entrance Channel) 120 - 380 216 ± 81 13.0 - 74.4 31.8 ± 21.7 No** 
 
S. commercialis  
(Griffins Bay) 120 - 330 198 ± 75 6.75 - 58.0 29.0 ± 16.8 Yes 
 
M. macleayi  
(Entrance Channel) 18.0 – 48.0 29 ± 9.9 4.27 – 11.8 7.38 ± 2.23 Yes 
 
M. macleayi  
(Griffins Bay) 16.0 – 39.0 23 ± 7.3 4.14 – 8.32 5.73 ± 1.35 Yes 
 
G. tricuspidata 0.62 - 1.10 0.87 ± 0.19 0.15 - 0.28 0.20 ± 0.04 Yes 
 
P. fucus 0.55 - 0.66 0.59 ± 0.04 0.13 - 0.16 0.15 ± 0.01 Yes 
Iron 
 






S. commercialis  
(Entrance Channel) 67 - 210 130 ± 47.6 6.8 - 32.2 18.2 ± 8.7 
 
 
S. commercialis  
(Griffins Bay) 52 - 170 111 ± 39.2 8.3 - 24.4 14.2 ± 5.1 
 
 
M. macleayi  
(Entrance Channel) 4.8 - 61 16.5 ± 17.5 1.22 - 12.3 4.08 ± 4.03 
 
 
M. macleayi  
(Griffins Bay) 5.9 - 56 18.6 ± 15.9 1.31 – 16.53 4.92 ± 4.70 
 
 
G. tricuspidata 4.4 - 13 8 ± 4.0 1.07 - 3.32 1.86 ± 0.89 
 
 
P. fucus 3.4 - 38 12.5 ± 13.2 0.82 – 9.97 3.19 ± 3.50 
 Lead 
 
        0.5 
 
S. commercialis  
(Entrance Channel) 0.21 - 0.84 0.48 ± 0.20 0.02 - 0.12 0.07 ± 0.03 Yes 
 
S. commercialis 
(Griffins Bay) 0.17 - 0.58 0.37 ± 0.14 0.03 - 0.07 0.05 ± 0.01 Yes 
 
M. macleayi  
(Entrance Channel) 0.04 - 0.30 0.10 ±0.08 0.01 - 0.08 0.02 ± 0.02 Yes 
 
M. macleayi 
 (Griffins Bay) 0.06 - 1.30 0.23 ± 0.38 0.02 - 0.25 0.05 ± 0.07 Yes 
 
G. tricuspidata 0.02 - 0.04 0.03 ± 0.01 <0.01 - 0.01 0.01 ± <0.01 Yes 
 
P. fucus 0.01 - 0.02 0.02 ± 0.01 <0.01 - 0.01 <0.01  Yes 
Mercury 
 
        0.5 
 
S. commercialis  
(Entrance Channel) 0.02 - 0.07 0.04 ± 0.02 <0.01 - 0.01 <0.01 Yes 
 
S. commercialis 
(Griffins Bay) 0.01 - 0.06 0.03 ± 0.02 <0.01 <0.01 Yes 
 
M. macleayi  
(Entrance Channel) <0.01 - 0.03 0.02 ± 0.01 <0.01 <0.01 Yes 
 
M. macleayi 
 (Griffins Bay) 0.01 - 0.01 0.01 ± <0.01 <0.01 <0.01 Yes 
 
G. tricuspidata 0.02 - 0.3 0.11 ± 0.11 0.01 - 0.06 0.02 ± 0.02 Yes 
 







        1000 
 
S. commercialis  
(Entrance Channel) 1450 - 3450 2290 ± 599 156 - 699 332 ± 187 Yes 
 
S. commercialis 
(Griffins Bay) 1100 - 2910 1838 ± 588 78.4 - 482 264 ± 143 Yes 
 
M. macleayi  
(Entrance Channel) 56 - 73 63.8 ± 5.9 12.9 - 23.1 16.5 ± 3.14 Yes 
 
M. macleayi 
 (Griffins Bay) 52 - 66 59.3 ± 5.1 10.2 – 19.4 15.3 ± 3.00 Yes 
 
G. tricuspidata 31 - 43 36.5 ± 4.3 7.22 – 11.0 8.65 ± 1.46 Yes 
  P. fucus 27 - 47 36 ± 7.8 6.97 – 11.8 8.90 ± 2.00 Yes 
 
    
 
    
 
* Arsenic measures were based off inorganic measure for Maximum Permitted Concentration, and the total arsenic volume was measured, so direct 
comparison is not possible. 
 
** Two readings for S. commercialis entrance sample were over the Maximum Permitted Concentration set by the ANZFA reading 74.36 and 71.95 










Table 16: Pairwise Correlation for Sydney Rock oyster using the variables for the morphological dimensions, and element concentrations for both wet and dry tissue. 
Variable by Variable Correlation Signif Prob Correlation Signif Prob Variable by Variable 
Breadth (cm) Length (cm) -0.0622 0.7729 -0.0622 0.7729 Breadth cm) Length (cm) 
Depth (cm) Length (cm) 0.3435 0.1003 0.3435 0.1003 Depth (cm) Length (cm) 
Depth (cm) Breadth (cm) 0.2506 0.2376 0.2506 0.2376 Depth (cm) Breadth (cm) 
Shell & tissue 
wet wt. (g) Length (cm) 0.5179 0.0095 * 0.5179 0.0095* 
Shell & tissue wet 
wt. (g) Length (cm) 
Shell & tissue 
wet wt. (g) Breadth (cm) 0.2103 0.324 0.2103 0.324 
Shell & tissue wet 
wt. (g) Breadth (cm) 
Shell & tissue 
wet wt. (g) Depth (cm) 0.6512 0.0006 * 0.6512 0.0006* 
Shell & tissue wet 
wt. (g) Depth (cm) 
Tissue wet wt. 
(g) Length (cm) 0.0654 0.7616 0.0654 0.7616 
Tissue wet wt. 
mg/kg Length (cm) 
Tissue wet wt. 
(g) Breadth (cm) 0.1395 0.5157 0.1395 0.5157 
Tissue wet wt. 
mg/kg Breadth (cm) 
Tissue wet wt. 
(g) Depth (cm) 0.5386 0.0066 * 0.5386 0.0066* 
Tissue wet wt. 
mg/kg Depth (cm) 
Tissue wet wt. 
(g) 
Shell & tissue 
wet wt. (g) 0.7057 0.0001 * 0.7057 0.0001* 
Tissue wet wt. 
mg/kg 
Shell & tissue wet wt. 
(g) 
Tissue dry wt. 
(g) Length (cm) -0.0107 0.9606 -0.0107 0.9606 
Tissue dry wt. 
mg/kg Length (cm) 
Tissue dry wt. 
(g) Breadth (cm) -0.082 0.7034 -0.082 0.7034 
Tissue dry wt. 
mg/kg Breadth (cm) 
Tissue dry wt. 
(g) Depth (cm) 0.2866 0.1746 0.2866 0.1746 
Tissue dry wt. 
mg/kg Depth (cm) 
Tissue dry wt. 
(g) 
Shell & tissue 
wet wt. (g) -0.01 0.9631 -0.01 0.9631 
Tissue dry wt. 
mg/kg 
Shell & tissue wet wt. 
(g) 
Tissue dry wt. 
(g) 
Tissue wet wt. 
(g) 0.0904 0.6745 0.0904 0.6745 
Tissue dry wt. 
mg/kg Tissue wet wt. (g) 
As wet wt. 





As wet wt. 
mg/kg Breadth (cm) -0.2526 0.2336 -0.0702 0.7443 As dry wt. mg/kg Breadth (cm) 
As wet wt. 
mg/kg Depth (cm) -0.1439 0.5023 -0.1233 0.566 As dry wt. mg/kg Depth (cm) 
As wet wt. 
mg/kg 
Shell & tissue 
wet wt. (g) -0.452 0.0266 -0.0596 0.7819 As dry wt. mg/kg 
Shell & tissue wet wt. 
(g) 
As wet wt. 
mg/kg 
Tissue wet wt. 
(g) -0.5208 0.0091 * 0.13 0.5449 As dry wt. mg/kg Tissue wet wt. (g) 
As wet wt. 
mg/kg 
Tissue dry wt. 
(g) 0.6328 0.0009 * -0.4565 0.0249* As dry wt. mg/kg Tissue dry wt. (g) 
Cd wet wt. 
mg/kg Length (cm) 0.2228 0.2953 0.4399 0.0315* Cd dry wt. mg/kg Length (cm) 
Cd wet wt. 
mg/kg Breadth (cm) -0.0618 0.7744 0.0822 0.7025 Cd dry wt. mg/kg Breadth (cm) 
Cd wet wt. 
mg/kg Depth (cm) 0.1863 0.3834 0.287 0.174 Cd dry wt. mg/kg Depth (cm) 
Cd wet wt. 
mg/kg 
Shell & tissue 
wet wt. (g) -0.2274 0.2853 0.0583 0.7866 Cd dry wt. mg/kg 
Shell & tissue wet wt. 
(g) 
Cd wet wt. 
mg/kg 
Tissue wet wt. 
(g) -0.4163 0.043 * -0.2748 0.1937 Cd dry wt. mg/kg Tissue wet wt. (g) 
Cd wet wt. 
mg/kg 
Tissue dry wt. 
(g) 0.6302 0.001 * 0.1063 0.621 Cd dry wt. mg/kg Tissue dry wt. (g) 
Cd wet wt. 
mg/kg 
As wet wt. 
mg/kg 0.6744 0.0003 * -0.1772 0.4075 Cd dry wt. mg/kg As dry wt. mg/kg 
Ca wet wt. 
mg/kg Length (cm) 0.0465 0.829 -0.0077 0.9714 Ca dry wt. mg/kg Length (cm) 
Ca wet wt. 
mg/kg Breadth (cm) 0.0745 0.7293 0.1505 0.4828 Ca dry wt. mg/kg Breadth (cm) 
Ca wet wt. 
mg/kg Depth (cm) 0.1619 0.4497 0.1668 0.4361 Ca dry wt. mg/kg Depth (cm) 
Ca wet wt. 
mg/kg 
Shell & tissue 
wet wt. (g) -0.2199 0.3018 0.0189 0.9301 Ca dry wt. mg/kg 
Shell & tissue wet wt. 
(g) 
Ca wet wt. 
mg/kg 
Tissue wet wt. 
(g) -0.1914 0.3703 0.0864 0.6879 Ca dry wt. mg/kg Tissue wet wt. (g) 
Ca wet wt. 
mg/kg 
Tissue dry wt. 
(g) 0.4327 0.0347 -0.0587 0.7854 Ca dry wt. mg/kg Tissue dry wt. (g) 






Ca wet wt. 
mg/kg 
Cd wet wt. 
mg/kg 0.668 0.0004 * 0.2058 0.3347 Ca dry wt. mg/kg Cd dry wt. mg/kg 
Cu wet wt. 
mg/kg Length (cm) 0.1542 0.4719 0.2129 0.3179 Cu dry wt. mg/kg Length (cm) 
Cu wet wt. 
mg/kg Breadth (cm) 0.0439 0.8384 0.3526 0.0911 Cu dry wt. mg/kg Breadth (cm) 
Cu wet wt. 
mg/kg Depth (cm) 0.2356 0.2678 0.3863 0.0623 Cu dry wt. mg/kg Depth (cm) 
Cu wet wt. 
mg/kg 
Shell & tissue 
wet wt. (g) -0.2013 0.3455 0.0725 0.7365 Cu dry wt. mg/kg 
Shell & tissue wet wt. 
(g) 
Cu wet wt. 
mg/kg 
Tissue wet wt. 
(g) -0.3155 0.1332 -0.0622 0.7727 Cu dry wt. mg/kg Tissue wet wt. (g) 
Cu wet wt. 
mg/kg 
Tissue dry wt. 
(g) 0.7371 <.0001 * 0.3389 0.1052 Cu dry wt. mg/kg Tissue dry wt. (g) 
Cu wet wt. 
mg/kg 
As wet wt. 
mg/kg 0.6549 0.0005 * -0.3653 0.0792 Cu dry wt. mg/kg As dry wt. mg/kg 
Cu wet wt. 
mg/kg 
Cd wet wt. 
mg/kg 0.8806 <.0001 * 0.643 0.0007* Cu dry wt. mg/kg Cd dry wt. mg/kg 
Cu wet wt. 
mg/kg 
Ca wet wt. 
mg/kg 0.6772 0.0003 * 0.3232 0.1234 Cu dry wt. mg/kg Ca dry wt. mg/kg 
Fe wet wt. 
mg/kg Length (cm) 0.3021 0.1514 0.3346 0.11 Fe dry wt. mg/kg Length (cm) 
Fe wet wt. 
mg/kg Breadth (cm) -0.0358 0.868 0.1034 0.6307 Fe dry wt. mg/kg Breadth (cm) 
Fe wet wt. 
mg/kg Depth (cm) -0.0724 0.7367 -0.0127 0.953 Fe dry wt. mg/kg Depth (cm) 
Fe wet wt. 
mg/kg 
Shell & tissue 
wet wt. (g) -0.4539 0.0259 * -0.1486 0.4885 Fe dry wt. mg/kg 
Shell & tissue wet wt. 
(g) 
Fe wet wt. 
mg/kg 
Tissue wet wt. 
(g) -0.5643 0.0041 * -0.1411 0.5107 Fe dry wt. mg/kg Tissue wet wt. (g) 
Fe wet wt. 
mg/kg 
Tissue dry wt. 
(g) 0.3365 0.1078 -0.4426 0.0303* Fe dry wt. mg/kg Tissue dry wt. (g) 
Fe wet wt. 
mg/kg 
As wet wt. 
mg/kg 0.7156 <.0001 * 0.6803 0.0003* Fe dry wt. mg/kg As dry wt. mg/kg 
Fe wet wt. 
mg/kg 
Cd wet wt. 





Fe wet wt. 
mg/kg 
Ca wet wt. 
mg/kg 0.5658 0.004 * 0.2864 0.1749 Fe dry wt. mg/kg Ca dry wt. mg/kg 
Fe wet wt. 
mg/kg 
Cu wet wt. 
mg/kg 0.6597 0.0005 * 0.0666 0.7573 Fe dry wt. mg/kg Cu dry wt. mg/kg 
Pb wet wt. 
mg/kg Length (cm) 0.1794 0.4016 0.0981 0.6484 Pb dry wt. mg/kg Length (cm) 
Pb wet wt. 
mg/kg Breadth (cm) -0.1156 0.5906 -0.0839 0.6968 Pb dry wt. mg/kg Breadth (cm) 
Pb wet wt. 
mg/kg Depth (cm) -0.051 0.813 -0.0993 0.6445 Pb dry wt. mg/kg Depth (cm) 
Pb wet wt. 
mg/kg 
Shell & tissue 
wet wt. (g) -0.416 0.0432 * -0.1766 0.4091 Pb dry wt. mg/kg 
Shell & tissue wet wt. 
(g) 
Pb wet wt. 
mg/kg 
Tissue wet wt. 
(g) -0.4119 0.0455 * -0.0462 0.8302 Pb dry wt. mg/kg Tissue wet wt. (g) 
Pb wet wt. 
mg/kg 
Tissue dry wt. 
(g) 0.3634 0.0809 -0.3533 0.0903 Pb dry wt. mg/kg Tissue dry wt. (g) 
Pb wet wt. 
mg/kg 
As wet wt. 
mg/kg 0.5331 0.0073 * 0.4682 0.0210* Pb dry wt. mg/kg As dry wt. mg/kg 
Pb wet wt. 
mg/kg 
Cd wet wt. 
mg/kg 0.6351 0.0009 * 0.1071 0.6183 Pb dry wt. mg/kg Cd dry wt. mg/kg 
Pb wet wt. 
mg/kg 
Ca wet wt. 
mg/kg 0.8227 <.0001 * 0.6714 0.0003* Pb dry wt. mg/kg Ca dry wt. mg/kg 
Pb wet wt. 
mg/kg 
Cu wet wt. 
mg/kg 0.6013 0.0019 * -0.0517 0.8104 Pb dry wt. mg/kg Cu dry wt. mg/kg 
Pb wet wt. 
mg/kg 
Fe wet wt. 
mg/kg 0.801 <.0001 * 0.6829 0.0002* Pb dry wt. mg/kg Fe dry wt. mg/kg 
Hg wet wt. 
mg/kg Length (cm) 0.2125 0.3187 0.4591 0.0240* Hg dry wt. mg/kg Length (cm) 
Hg wet wt. 
mg/kg Breadth (cm) -0.1577 0.4618 0.1181 0.5826 Hg dry wt. mg/kg Breadth (cm) 
Hg wet wt. 
mg/kg Depth (cm) -0.0896 0.6773 0.0698 0.7459 Hg dry wt. mg/kg Depth (cm) 
Hg wet wt. 
mg/kg 
Shell & tissue 
wet wt. (g) 0.0231 0.9148 0.026 0.9039 Hg dry wt. mg/kg 
Shell & tissue wet wt. 
(g) 
Hg wet wt. 
mg/kg 
Tissue wet wt. 
(g) 0.1493 0.4862 -0.0676 0.7538 Hg dry wt. mg/kg Tissue wet wt. (g) 






Hg wet wt. 
mg/kg 
As wet wt. 
mg/kg -0.0793 0.7127 0.4708 0.0202* Hg dry wt. mg/kg As dry wt. mg/kg 
Hg wet wt. 
mg/kg 
Cd wet wt. 
mg/kg 0.1201 0.5762 0.526 0.0083* Hg dry wt. mg/kg Cd dry wt. mg/kg 
Hg wet wt. 
mg/kg 
Ca wet wt. 
mg/kg 0.1882 0.3784 0.4959 0.0137* Hg dry wt. mg/kg Ca dry wt. mg/kg 
Hg wet wt. 
mg/kg 
Cu wet wt. 
mg/kg 0.1954 0.3602 0.4065 0.0487* Hg dry wt. mg/kg Cu dry wt. mg/kg 
Hg wet wt. 
mg/kg 
Fe wet wt. 
mg/kg 0.1491 0.4869 0.8238 <.0001* Hg dry wt. mg/kg Fe dry wt. mg/kg 
Hg wet wt. 
mg/kg 
Pb wet wt. 
mg/kg 0.2086 0.328 0.6257 0.0011* Hg dry wt. mg/kg Pb dry wt. mg/kg 
Zn wet wt. 
mg/kg Length (cm) 0.2187 0.3047 0.3807 0.0665 Zn dry wt. mg/kg Length (cm) 
Zn wet wt. 
mg/kg Breadth (cm) -0.0513 0.8117 0.1655 0.4395 Zn dry wt. mg/kg Breadth (cm) 
Zn wet wt. 
mg/kg Depth (cm) 0.2164 0.3097 0.3419 0.102 Zn dry wt. mg/kg Depth (cm) 
Zn wet wt. 
mg/kg 
Shell & tissue 
wet wt. (g) -0.2239 0.293 0.0715 0.7399 Zn dry wt. mg/kg 
Shell & tissue wet wt. 
(g) 
Zn wet wt. 
mg/kg 
Tissue wet wt. 
(g) -0.3536 0.0901 -0.076 0.724 Zn dry wt. mg/kg Tissue wet wt. (g) 
Zn wet wt. 
mg/kg 
Tissue dry wt. 
(g) 0.7226 <.0001 * 0.2596 0.2205 Zn dry wt. mg/kg Tissue dry wt. (g) 
Zn wet wt. 
mg/kg 
As wet wt. 
mg/kg 0.6957 0.0002 * -0.1367 0.524 Zn dry wt. mg/kg As dry wt. mg/kg 
Zn wet wt. 
mg/kg 
Cd wet wt. 
mg/kg 0.9274 <.0001 * 0.7882 <.0001* Zn dry wt. mg/kg Cd dry wt. mg/kg 
Zn wet wt. 
mg/kg 
Ca wet wt. 
mg/kg 0.6687 0.0004 * 0.2858 0.1758 Zn dry wt. mg/kg Ca dry wt. mg/kg 
Zn wet wt. 
mg/kg 
Cu wet wt. 
mg/kg 0.9638 <.0001 * 0.8595 <.0001* Zn dry wt. mg/kg Cu dry wt. mg/kg 
Zn wet wt. 
mg/kg 
Fe wet wt. 
mg/kg 0.7372 <.0001 * 0.2745 0.1942 Zn dry wt. mg/kg Fe dry wt. mg/kg 
Zn wet wt. 
mg/kg 
Pb wet wt. 





Zn wet wt. 
mg/kg 
Hg wet wt. 
mg/kg 0.2267 0.2867 0.5762 0.0032* Zn dry wt. mg/kg Hg dry wt. mg/kg 






Appendix 5.  
Table 17: Pairwise Correlation for School Prawns comparing the variables for tissue dry and wet weight samples, and the elements As, Cd, Ca, Cu, Fe, Pb, Hg and Zn to 
signify significant relationships.  
Wet weight tissue analysis Dry weight tissue analysis 
Variable by Variable Correlation Signif Prob Correlation Signif Prob Variable by Variable 
Tissue dry wt. (g) Tissue wet wt. (g) 0.9575 <.0001 * 0.9575 <.0001 * Tissue dry wt. (g) Tissue wet wt. (g) 
As mg/kg wet wt. Tissue wet wt. (g) -0.2598 0.2429 -0.3488 0.1116 As mg/kg (dry wt.) Tissue wet wt. (g) 
As mg/kg wet wt. Tissue dry wt. (g) -0.1819 0.4178 -0.3562 0.1038 As mg/kg (dry wt.) Tissue dry wt. (g) 
Cd mg/kg wet wt. Tissue wet wt. (g) -0.2979 0.1782 -0.2479 0.266 Cd mg/kg (dry wt.) Tissue wet wt. (g) 
Cd mg/kg wet wt. Tissue dry wt. (g) -0.1864 0.4063 -0.2262 0.3114 Cd mg/kg (dry wt.) Tissue dry wt. (g) 
Cd mg/kg wet wt. As mg/kg wet wt. 0.3459 0.1149 0.3171 0.1505 Cd mg/kg (dry wt.) As mg/kg (dry wt.) 
Ca mg/kg wet wt. Tissue wet wt. (g) -0.2847 0.199 -0.3332 0.1297 Ca mg/kg (dry wt.) Tissue wet wt. (g) 
Ca mg/kg wet wt. Tissue dry wt. (g) -0.1688 0.4527 -0.2367 0.2888 Ca mg/kg (dry wt.) Tissue dry wt. (g) 
Ca mg/kg wet wt. As mg/kg wet wt. 0.5415 0.0092 * 0.4169 0.0536 Ca mg/kg (dry wt.) As mg/kg (dry wt.) 
Ca mg/kg wet wt. Cd mg/kg wet wt. 0.7114 0.0002 * 0.6529 0.001 * Ca mg/kg (dry wt.) Cd mg/kg (dry wt.) 
Cu mg/kg wet wt. Tissue wet wt. (g) 0.5654 0.0061 * 0.3287 0.1353 Cu mg/kg (dry wt.) Tissue wet wt. (g) 
Cu mg/kg wet wt. Tissue dry wt. (g) 0.5267 0.0118 * 0.1652 0.4626 Cu mg/kg (dry wt.) Tissue dry wt. (g) 
Cu mg/kg wet wt. As mg/kg wet wt. 0.1753 0.4351 0.307 0.1646 Cu mg/kg (dry wt.) As mg/kg (dry wt.) 
Cu mg/kg wet wt. Cd mg/kg wet wt. -0.2206 0.3238 -0.0956 0.6722 Cu mg/kg (dry wt.) Cd mg/kg (dry wt.) 
Cu mg/kg wet wt. Ca mg/kg wet wt. -0.1365 0.5448 -0.25 0.2618 Cu mg/kg (dry wt.) Ca mg/kg (dry wt.) 
Fe mg/kg wet wt. Tissue wet wt. (g) -0.1199 0.595 -0.195 0.3844 Fe mg/kg (dry wt.) Tissue wet wt. (g) 
Fe mg/kg wet wt. Tissue dry wt. (g) -0.049 0.8287 -0.1569 0.4856 Fe mg/kg (dry wt.) Tissue dry wt. (g) 
Fe mg/kg wet wt. As mg/kg wet wt. 0.2491 0.2636 0.3542 0.1059 Fe mg/kg (dry wt.) As mg/kg (dry wt.) 
Fe mg/kg wet wt. Cd mg/kg wet wt. 0.1195 0.5963 0.1917 0.3927 Fe mg/kg (dry wt.) Cd mg/kg (dry wt.) 
Fe mg/kg wet wt. Ca mg/kg wet wt. 0.026 0.9087 -0.0315 0.8895 Fe mg/kg (dry wt.) Ca mg/kg (dry wt.) 





Pb mg/kg wet wt. Tissue wet wt. (g) -0.0365 0.8717 -0.047 0.8353 Pb mg/kg (dry wt.) Tissue wet wt. (g) 
Pb mg/kg wet wt. Tissue dry wt. (g) -0.1142 0.613 -0.1415 0.53 Pb mg/kg (dry wt.) Tissue dry wt. (g) 
Pb mg/kg wet wt. As mg/kg wet wt. 0.0265 0.9069 0.1475 0.5124 Pb mg/kg (dry wt.) As mg/kg (dry wt.) 
Pb mg/kg wet wt. Cd mg/kg wet wt. 0.1438 0.5232 0.2565 0.2492 Pb mg/kg (dry wt.) Cd mg/kg (dry wt.) 
Pb mg/kg wet wt. Ca mg/kg wet wt. -0.0993 0.6601 -0.0864 0.7023 Pb mg/kg (dry wt.) Ca mg/kg (dry wt.) 
Pb mg/kg wet wt. Cu mg/kg wet wt. -0.2785 0.2094 -0.0715 0.7519 Pb mg/kg (dry wt.) Cu mg/kg (dry wt.) 
Pb mg/kg wet wt. Fe mg/kg wet wt. 0.1171 0.6038 0.1812 0.4197 Pb mg/kg (dry wt.) Fe mg/kg (dry wt.) 
Hg mg/kg wet wt. Tissue wet wt. (g) . . -0.1214 0.5903 Hg mg/kg (dry wt.) Tissue wet wt. (g) 
Hg mg/kg wet wt. Tissue dry wt. (g) . . -0.1544 0.4928 Hg mg/kg (dry wt.) Tissue dry wt. (g) 
Hg mg/kg wet wt. As mg/kg wet wt. . . 0.7666 <.0001 * Hg mg/kg (dry wt.) As mg/kg (dry wt.) 
Hg mg/kg wet wt. Cd mg/kg wet wt. . . 0.069 0.7602 Hg mg/kg (dry wt.) Cd mg/kg (dry wt.) 
Hg mg/kg wet wt. Ca mg/kg wet wt. . . 0.0634 0.7792 Hg mg/kg (dry wt.) Ca mg/kg (dry wt.) 
Hg mg/kg wet wt. Cu mg/kg wet wt. . . 0.473 0.0262 Hg mg/kg (dry wt.) Cu mg/kg (dry wt.) 
Hg mg/kg wet wt. Fe mg/kg wet wt. . . 0.6164 0.0022 Hg mg/kg (dry wt.) Fe mg/kg (dry wt.) 
Hg mg/kg wet wt. Pb mg/kg wet wt. . . 0.1114 0.6215 Hg mg/kg (dry wt.) Pb mg/kg (dry wt.) 
Zn mg/kg wet wt. Tissue wet wt. (g) 0.6405 0.0013 * 0.7262 0.0001* Zn mg/kg (dry wt.) Tissue wet wt. (g) 
Zn mg/kg wet wt. Tissue dry wt. (g) 0.8057 <.0001 * 0.64 0.0013* Zn mg/kg (dry wt.) Tissue dry wt. (g) 
Zn mg/kg wet wt. As mg/kg wet wt. 0.0528 0.8155 -0.0603 0.79 Zn mg/kg (dry wt.) As mg/kg (dry wt.) 
Zn mg/kg wet wt. Cd mg/kg wet wt. 0.007 0.9753 -0.2282 0.307 Zn mg/kg (dry wt.) Cd mg/kg (dry wt.) 
Zn mg/kg wet wt. Ca mg/kg wet wt. 0.0301 0.8943 -0.3705 0.0897 Zn mg/kg (dry wt.) Ca mg/kg (dry wt.) 
Zn mg/kg wet wt. Cu mg/kg wet wt. 0.4059 0.0609 0.5361 0.0101* Zn mg/kg (dry wt.) Cu mg/kg (dry wt.) 
Zn mg/kg wet wt. Fe mg/kg wet wt. 0.0331 0.8838 -0.1132 0.6158 Zn mg/kg (dry wt.) Fe mg/kg (dry wt.) 
Zn mg/kg wet wt. Pb mg/kg wet wt. -0.2263 0.3113 0.073 0.7468 Zn mg/kg (dry wt.) Pb mg/kg (dry wt.) 
Zn mg/kg wet wt. Hg mg/kg wet wt. . . 0.1389 0.5375 Zn mg/kg (dry wt.) Hg mg/kg (dry wt.) 








Analysis of prawn wet weight tissue sample concentrations in response to location. 
 
 
Table 18: Summary of the Analysis of Variance determining the significance of tissue trace element 
concentration in prawns for the dry weight samples responding to sample location. Mercury was below 






element as a 
function of location 
for prawns wet 
tissue weight DF SS F ratio P 
Direction of 
response 
11 arsenic 1 16.85448 1.8855 0.1866 No significance 
 
error 18 160.9007 
   12 cadmium 1 6.13E-05 1.0889 0.3105 No significance 
 
error 18 0.001013 
   13 calcium 1 2910753 0.3896 0.5403 No significance 
 
error 18 1.34E+08 
   14 copper 1 9.730125 2.6969 0.1179 No significance 
 
error 18 64.94297 
   15 iron 1 9.60498 0.577 0.4573 No significance 
 
error 18 299.6459 
   16 lead 1 0.00338 1.1745 0.2928 No significance 
 
error 18 0.0518 
   




error n/a n/a n/a n/a 
 18 zinc 1 3.63805 0.3659 0.5528 No significance 
 
error 18 178.9917 








Table 19:  Random number generator as a function of Excel Mircrosoft.  
PRAWN RANDOM NUMBER 
GENERATOR 
 
REP 1 REP 2 
TEST 1 9 2 
TEST 2 5 7 
TEST 3 11 9 
TEST 4 2 4 
TEST 5 7 3 
TEST 6 5 2 
TEST 7 8 3 
TEST 8 11 1 
TEST 9 2 3 
TEST 10 11 1 
TEST 11 3 8 
TEST 12 3 9 
TEST 13 10 3 
TEST 14 5 11 
TEST 15 10 11 
TEST 16 8 7 
TEST 17 7 1 







Appendix 8.  
 
Table 20:  Pairwise Correlation summary table reporting values of significance (P<0.05) which have been 
bolded with an * and values with apparent trends (P values between 0.05 and 0.01) for Sydney Rock oyster 
shell and tissue dimensions vs. element concentrations, shell and tissue dimensions vs. shell and tissue 
dimensions. 
 Morphology/sample Variable Units Correlation 
Significant 
Probability 
Whole organism wet wt. 
(g) 
    
 
As mg/kg wet wt. -0.452 0.0266* 
 
Fe mg/kg wet wt. -0.4539 0.0259 * 
 
Pb mg/kg wet wt. -0.416 0.0432 * 
Shell length (cm)         
 
Whole organism g wet wt. 0.5179 0.0095 * 
 
Cd  mg/kg dry wt. 0.4399 0.0315* 
 
Hg mg/kg dry wt. 0.4591 0.0240* 
  Zn mg/kg dry wt. 0.3807 0.0665 
Breadth of shell (cm) 
      Cu mg/kg dry wt. 0.3526 0.0911 
Depth of shell (cm) 
    
 
Whole organism g wet wt. 0.6512 0.0006 * 
  Cu mg/kg dry wt. 0.3863 0.0623 
Tissue dry wt. (g) 
    
 
As mg/kg wet wt. 0.6328 0.0009 * 
 
As mg/kg dry wt.  -0.4565 0.0249* 
 
Cd  mg/kg wet wt. 0.6302 0.001 * 
 
Ca mg/kg wet wt. 0.4327 0.0347* 
 
Cu mg/kg wet wt. 0.7371 <.0001 * 
 
Fe mg/kg dry wt. -0.4426 0.0303* 
 
Pb mg/kg  wet wt. 0.3634 0.0809 
 
Pb mg/kg dry wt. -0.3533 0.0903 
 
Hg mg/kg dry wt. -0.352 0.0916 
  Zn mg/kg wet wt. 0.7226 <.0001 * 
Tissue wet wt. (g) 
    
 
Depth of shell cm 0.5386 0.0066 * 
 
Whole organism g wet wt. 0.7057 0.0001 * 
 
As mg/kg wet wt. -0.5208 0.0091 * 
 
Cd  mg/kg wet wt. -0.4163 0.043 * 
 
Fe mg/kg wet wt. -0.5643 0.0041 * 
 
Pb mg/kg wet wt. -0.4119 0.0455 * 






Appendix 9.  
 
Table 21: Pairwise Correlation summary table reporting values of significance (P<0.05) which have been 
bolded with an * and values with apparent trends (P values between 0.05 and 0.01) for Sydney Rock oyster, 
comparing element concentration to elements concentrations. Units are in mg/kg. 
Element Element Units Correlation 
Significant 
Probability 
As dry wt. 
    
 
Cu 
dry wt. -0.3653 0.0792 
 
Fe 
dry wt. 0.6803 0.0003* 
 
Pb 
dry wt. 0.4682 0.0210* 
 
Hg 
dry wt. 0.4708 0.0202* 























0.5331 0.0073 * 
  Zn 
wet wt. 
0.6957 0.0002 * 
Cd dry wt. 
    
 
Cu 
dry wt. 0.643 0.0007* 
 
Fe 
dry wt. 0.3606 0.0834 
 
Hg 
dry wt. 0.526 0.0083* 
 
Zn 
dry wt. 0.7882 <.0001* 



















0.6351 0.0009 * 
  Zn 
wet wt. 
0.9274 <.0001 * 
Ca dry wt. 
    
 
Pb 
dry wt. 0.6714 0.0003* 
 
Hg 





Ca wet wt. 








0.5658 0.004 * 
Pb wet wt. 
0.8227 <.0001 * 
  Zn wet wt. 
0.6687 0.0004 * 
Cu dry wt. 
    
 
Hg 
dry wt. 0.4065 0.0487* 
 
Zn 
dry wt. 0.8595 <.0001* 
Cu wet wt. 








0.6013 0.0019 * 
  Zn 
wet wt. 
0.9638 <.0001 * 
Fe dry wt. 
    
 
Pb 
dry wt. 0.6829 0.0002* 
 
Hg 
dry wt. 0.8238 <.0001* 
Fe wet wt. 




0.801 <.0001 * 
  Zn 
wet wt. 
0.7372 <.0001 * 
Pb dry wt. 
    
 
Hg 
dry wt. 0.6257 0.0011* 




  Zn 
wet wt. 
0.664 0.0004 * 
Hg dry wt. 
    
  Zn 









Table 22: Table summary for prawns Pairwise Correlation between elements and sample weights (dry and 
wet) for significant relationships (P<0.05) as indicated by the bolded value with an *, and the apparent trend 
which is the significant probability which has not been bolded. 
Morphology/sample Variable Units Correlation 
Significant 
Probability 
Tissue dry wt. (g) 
    
 
Tissue wet wt. (g) 0.9575 <.0001 * 
 
Cu wet wt. 0.5267 0.0118 * 
 
Zn wet wt. 0.8057 <.0001 * 
 
Zn dry wt. 0.64 0.0013 
Tissue wet wt. (g) 
    
 
Cu wet wt. 0.5654 0.0061 * 
 
Zn wet wt. 0.6405 0.0013 * 
  Zn dry wt. 0.7262 0.0001 
As dry wt. 
    
 
Hg dry wt. 0.7666 <.0001 * 
As wet wt. 
      Ca wet wt. 0.5415 0.0092 * 
Cd  dry wt. 
      Ca dry wt. 0.6529 0.001 * 
Ca dry wt. 
      Zn dry wt. -0.3705 0.0897 
Cu  dry wt. 
    
 
Zn dry wt. 0.5361 0.0101* 
Cu wet wt. 
      Zn wet wt. 0.4059 0.0609 
Fe  dry wt. 














      
100.0% maximum 1.83333 
99.5%  1.83333 
97.5%  1.83333 
90.0%  1.38333 
75.0% quartile 0.40833 
50.0% median -0.0667 
25.0% quartile -0.6417 
10.0%  -0.9167 
2.5%  -1.5667 
0.5%  -1.5667 






Type Parameter Estimate Lower 95% Upper 95% 
Location μ 4.071e-16 -0.335431 0.3354306 
Dispersion σ 0.7943642 0.6173907 1.1143028 
 
-2log(Likelihood) = 56.0588148228437 
 
Goodness-of-Fit Test 
 Shapiro-Wilk W Test 
 
W   Prob<W 
0.958598   0.4109 
   
   
Note: Ho = The data is from the Normal distribution. Small p-values reject Ho. 
   
Mean 4.071e-16 
Std Dev 0.7943642 
Std Err Mean 0.1621489 
Upper 95% Mean 0.3354306 








Shell dimensions in S. commercialis 
There was a strong significant relationship between oyster shell length and sample locations (F 
1,23 = 7.367, P = 0.0127) represent below. The oysters tended to be larger at the entrance 
channel than within the site west of Griffins Bay. The breadth, depth and whole weight of the 
oyster showed no significant variation between the sites. 
Results for the oneway analysis representing the influence of the two sample sites in Lake Illawarra for the 
species S. commercialis testing a) length of shell, b) breadth of shell and c)depth of shell. A P < 0.05 indicated 
a significant relationship, where the dimension of the shell is significantly different between sites. Significant 
relationships have been bolded with an *. The number of oyster sampled is 12 at each site.  
Legend: DF = degrees of freedom, SS = sum of squares, P = Prob> F or probability 
 
Attribute as a function for 
location for oysters DF SS  F ratio P Direction of response 
a) Length of shell  1 4.860 7.367 0.0127* 
Significant positive 
relationship where the 
entrance site tends to yielded 
oysters with longer shells. 
 
Error 22 14.51       
b) Breadth of shell 1 0.010 0.023 0.881 No effect 
 
Error 22 9.986       
c) Depth of shell 1 0.007 0.024 0.8783 No effect 
 
Error 22 6.113       
d) 
Whole shell and tissue wet 
weight 1 28.67 0.286 0.5983 No effect 
 
Error 22 2207       
                                                                                                    
 
 Oneway Analysis for the species S. commercialis of oyster shell length by location at two sites (F1, 22 = 7.367, P 
= 0.0127), in the entrance channel and Lake Heights from Lake Illawarra. A significant difference was found 
between the two sites, where shell length appeared greater at the entrance channel compared with west of 









Figure: Oneway Analysis for S. commercialis and M. macleayi sampled from Lake Illawarra. Figures 
represented the following correlations for S. commercialis: a) Whole weight of oyster vs. shell length, b) 
Whole weight of oyster vs. Shell depth, c) Whole weight of oyster vs. Tissue (wet wt.), d) Tissue (wet wt.) vs. 
Depth of shell, and M. macleayi: e) Tissue (dry wt.) vs. Tissue (wet wt.). The correlation value is indicated by r, 






Appendix 14. T-test for site influence on Hg and Zn concentrations in 
S. commercialis tissue samples. 
 
 





Summary of Fit 
    
Rsquare 0.150269 
Adj Rsquare 0.111645 
Root Mean Square Error 0.017075 
Mean of Response 0.037292 





Assuming equal variances 
 
        
Difference -0.01375 t Ratio -1.97245 
Std Err Dif 0.00697 DF 22 
Upper CL Dif 0.00071 Prob > |t| 0.0613 
Lower CL Dif -0.02821 Prob > t 0.9694 
Confidence 0.95 Prob < t 0.0306* 
    
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Location 1 0.00113438 0.001134 3.8905 0.0613 
Error 22 0.00641458 0.000292   
C. Total 23 0.00754896    
 
Means for Oneway Anova 





Level Number Mean Std Error Lower 95% Upper 95% 
Entrance 12 0.044167 0.00493 0.03394 0.05439 
Lake Heights 12 0.030417 0.00493 0.02019 0.04064 
 










Summary of Fit 
    
Rsquare 0.136512 
Adj Rsquare 0.097262 
Root Mean Square Error 593.2333 
Mean of Response 2064.167 





Assuming equal variances 
 
        
Difference -451.67 t Ratio -1.86495 
Std Err Dif 242.19 DF 22 
Upper CL Dif 50.60 Prob > |t| 0.0756 
Lower CL Dif -953.93 Prob > t 0.9622 
Confidence 0.95 Prob < t 0.0378* 
    
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Location 1 1224016.7 1224017 3.4781 0.0756 
Error 22 7742366.7 351926   






Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
Entrance 12 2290.00 171.25 1934.8 2645.2 
Lake Heights 12 1838.33 171.25 1483.2 2193.5 
 
Std Error uses a pooled estimate of error variance 
 
 






Summary of Fit 
    
Rsquare 0.171782 
Adj Rsquare 0.12577 
Root Mean Square Error 8.795201 
Mean of Response 26.8 





Assuming equal variances 
 
        
Difference -7.600 t Ratio -1.9322 
Std Err Dif 3.933 DF 18 
Upper CL Dif 0.664 Prob > |t| 0.0692 
Lower CL Dif -15.864 Prob > t 0.9654 
Confidence 0.95 Prob < t 0.0346* 
    
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Location 1 288.8000 288.800 3.7334 0.0692 
Error 18 1392.4000 77.356   






Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
Entrance Channel 10 30.6000 2.7813 24.757 36.443 
Lucas Heights 10 23.0000 2.7813 17.157 28.843 
 
Std Error uses a pooled estimate of error variance 
 
 
 
